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ABSTRACT 

FACULTY OF SCIENCE 

PHYSIOLOGY AND BIOCHEMISTRY 

Doctor of Philosophy 

A STUDY ON PYRUVATE KINASE FROM CARCINUS MAENAS. 

by Ian George Giles 

Two methods of purifying pyruvate kinase from Carcinus maenas 

hepatopancreas are described. In one method two activity peaks were 

obtained after DEAE-cellulose chromatography. Subsequent studies 

showed that one peak corresponded to unactivated, and the other to 

fully activated, enzyme, Interconversion between the peaks was 

effected either by addition of FDP or by storage. The second method 

of purification yielded a more homogenous protein; pyruvate kinase 

being responsible for at least 95% of the protein after polyacrylamide 

gel electrophoresis. 

The molecular weight of the native enzyme, estimated by gel-filtration, 

was 247,000, decreasing to 193,000 on addition of either fructose-

1,6-diphosphate (FDP) or adenosine-5'-triphosphate (ATP) and Mg**. 

Dissociation of the protein yielded sub-units in the range 54-70,000 

depending on conditions. The most abundant sub-unit had a molecular 

weight of 54,000, inferring that the native enzyme is a tetramer; 

the possibility of a trimer cannot be ruled out. 

Product inhibition studies of the FDP activated enzyme showed that 

the reaction mechanism is consistent with a rapid equilibrium random 

bi-bi type. The existence of an enzyme-pyruvate-adenosine-5•-diphosphate 

dead-end complex was demonstrated and the existence of pyruvate—enzyme— 

pyruvate and phosphoenolpyruvate-enzyme-phosphoenolpyruvate dead-end 

complexes inferred from deviations of the experimental results from 

the predicted curves, 
I 

Kinetic studies showed homotropic co-operativity with PEP, but not 



ADP. Addition of FDP resulted in hyperbolic saturation with PEP, and 

a large decrease in ^(PEP) with little or no change in V^. Both 

FDP and PEP are activators of the enzyme, whilst ATP and L-alanine 

proved to be inhibitors. The enzyme in tissue extracts showed 

co-operative interactions with all effectors, but the purified enzyme 

exhibited co-operativity with PEP alone. The behaviour of the enzyme 

can be explained by the concerted allosteric model of control, but an 

initial stimulation at low ATP concentrations can only be accomodated 

by the 'induced-fit' model of enzyme activation. 

The intracellular concentrations of the substrates and effectors of 

pyruvate kinase were measured in hepatopancreas, as were the activities 

of pyruvate kinase and pyruvate carboxylase. The ratio of these two 

was 3.8:1 in optimal assay conditions, but this decreased to 2.3:1 

in simulated vivo conditions. Studies showed that up to a five 

fold variation of pyruvate kinase activity occurred ijn. vitro on varying 

the effectors within their anticipated physiological ranges. This is 

ju'Jt sufficient to account for nett PEP synthesis. Preliminary studies 

on C.maenas pyruvate carboxylase showed that this enzyme is also 

subject to control, suggesting that there is a concerted effect on 

both enzymes to limit PEP recycling. 

These results are discussed in relation to the in vivo situation. 
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The abbreviations used throughout this thesis are as follows;-

Chemicals 

AcCoA 

ADP 

ATP 

BSA 

DEAE 

DTNB 

EDTA 

EGTA 

FDP 

F6P 

G1P 

G6P 

GdHCl 

NADH 

NADP 

PEP 

Pyr 

SDS 

tris 

+ 
K 

Na 
+ 

Mg 
4" 4-

Physical 

gO 
20,w 

D 
o 
20,w 

Acetyl Coenzyme A 

Adenosine-5'"diphosphate 

Adenosine-5'-triphosphate 

Bovine Serum Albumin 

Diethylaminoethyl cellulose 

5-5'-dithio-bis-(2-nitrobenzoic acid) 

Ethylene diamine tetra acetic acid 

Ethyleneglycol-bis-((3-amino--ethyl ether )-

N,N'-tetra acetic acid. 

Fructose-1,6-diphosphate 

Fructosc-6-phosphate 

Glucose-1-phosphate 

Gluco se-6~pho sphate 

Guanidine hydrochloride 

P-Nicotinamide-adenine-dinucleotide, reduced form 

Nicotinamide-adenine dinucleotide phosphate 

Phosphoenolpyruvate 

Pyruvate 

Sodium dodecyl sulphate (sodium lauryl sulphate) 

2-amino-2-hydoxyrtiethylpropane-1, 3-diol 

Potassium ion 

Sodium ion 

Magnesium ion 

Manganese ion 

Sedimentation coeficient extrapolated to zero 
protein concentration, at 20^0 and with a viscosity 
of water. 

Diffusion constant extrapolated to zero protein 
concentration, at 20°C in a medium with the 
viscosity of water. 
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w 
.o 
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X 

y, z 

Kinetics 

n 

Ko.5 

la 

V 

V-, 

V 

V . 
1 

1 ' 2 

A,B,P,Q 

General 

UV 

NME 

mM 

UM 

nmoles 

Ijmoles 

nm 

v/v 

The weight average molecular weight. 

The z-average molecular weight. 

The,exctinction coeficient of a material at a 
concentration x, wavelength y and pathlength z. 

The Hill coefficient 

The constant from the Hill equation which represents 
that concentration of ligand having half maximal 
effect. 

The Michaelis constant for a. 

The dissociation constant for a. 

Initial velocity 

Initial velocity in the kinetic standard assay. 

Initial velocity in the absence of modifier, 

Initial velocity in the presence of modifier. 

Maximal velocity in the forward and reverse 
directions, respectively 

ADP, PEP, Pyruvate and ATP, respectively 

Ultra-violet 

Nuclear Magnetic Resonance 

millimolar 

micromolar 

nanomoles 

micromoles 

nanometer 
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GENERAL INIRgPUCTION 

Evidence for the control of glycolysis at specific enzyme points 

has come from various sources. These include measurement of the steady-

stî ze concentration of glycolytic intermediates under various metabolic 

conditions, and displacement of these intermediates from the steady-

state. The kinetic and allosteric properties of the glycolytic enzymes 

favour phosphofructokinase and pyruvate kinase as the primary 

regulatory sites. From a thermodynamic viewpoint these enzymes are 

especially suited for controlling glycolysis, since they catalyse 

essentially unidirectional steps, channelling the metabolic flux in 

one direction. 

In the reverse of glycolysis, ie. gluconeogenesis, these 

unidirectional steps are bypassed using a different enzyme sequence 

to that used in the catabolic direction. The pyruvate to PEP conversion 

is catalysed in a variety of ways, depending on the tissue and organism 

studied. In mammals two enzymes are involved, pyruvate carboxylase 

(E.G. 6.4.1.1) and PEP carboxykinase (E.G. 4.1.1.32). In this two 

reaction sequence the hydrolysis of two high-energy phosphate groups 

provides the energy required for reversal of the pyruvate kinase 

reaction. The pyruvate kinase activity present in liver exceeds the 

PEP synthetic capacity by a ratio of 1;0.04 (Weber et al., 1967a); hence 

if some control mechanism were not present a 'futile cycle' could 
I 

develop resulting in the hydrolysis of high-energy phosphate, an energy 

wasting process. Regulation of the key enzymes should, therefore, be 

expected in tissues capable of both gluconeogenesis and glycolysis, 

allowing an opposing control of both metabolic pathways. Such properties 

have been found for the pyruvate kinase of liver and kidney, the 

gluconeogenic tissues of mammals. 

The presence of glycolysis in C.maenas and other crustaceans has 

been inferred from isotopic tracer studies after administration of 

14 , 
C glucose (see review by Muggins and Munday, 1968). Mbre recently 

the distribution of the glycolytic enzymes, including pyruvate kinase, 
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have been measured directly. It is present in muscle extracts of a 

variety of crustaceans (Boulton and Huggins, 1970) and the gill of 

C.maenas (Thabrew et al., 1971) and the Alaskan King crab, Paralithodes 

camtchatica (Hochachka et al., 1970). More recently Schatzlen and 

co-workers (l973) have reported the occurrence of pyruvate kinase in 

muscle, hepatopancreas, gill and heart of the striped shore crab, 

Pachygrapsus cragsipes. 

The control of glycolysis in crustaceans is a previously 

unexplored field. In this'thesis kinetic and molecular weight studies 

of an allosteric pyruvate kinase from C.maenas are reported. These 

studies include a chapter on the allosteric properties of this enzyme 

and their probable physiological significance. 
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CHAPTER 1 

LITERATURE REVIEW 

Physiologically pyruvate kinase (ATP:pyruvate phosphotransferase 

E.G. 2.7.1.40) catalyses the transphosphorylation of ADP from PEP. 

The reaction is dependent on the presence of a divalent metal ion, 

usually Mg** (Lohmann and Mbyerhof, 1934) and a univalent ion, usually 

K* (Boyer et al., 1942). Pyruvate kinase has been identified as the 

protein that catalyses the 'Flurokinase' reaction: 

OH 

ATP + F" HOPS, Mg+f ^+anp + p p=o 

6H 

and the 'Hydroxylamine kinase' reaction: 

ATP + NH2OH — > ADP + NH20P=0 
iKxs Ax 

In the flurokinase reaction flurophosphate is formed from flouride 

and ATP; bicarbonate, Mg** and K* are required for activity (Tiertz 

and Ochoa, 1958). Hydroxylamine is phosphorylated from ATP in the 

hydroxylamine kinase reaction with bicarbonate, Zn** or Co** and K* 

being required for full activity (Kupiecki and Coon, 1959,1960). The 

enzyme has been demonstrated in a wide range of species representing 

most of the plant and animal kingdoms. The range includes bacteria 

(Cornish and Johnson, 1971; Diesterhaft and Freese, 1972; Maeba and 

Sanwal, 1968; Ozaki aad Shito, 1969; Touminen and Bernlohr, 1971a), 

yeasts (Washio et al., 1959; Hess et al., 1966), plants (Evans, 1962; 

Miller and Evans, 1957; McCollum et al., 1960), invertebrates 

(Mustafa and Hochachka, 1971; Bailey and Walker, 1969; Sbmero, 1969; 

Scopes, 1968; Zwaan, 1972), amphibia (Flanders et al., 1971; Schloen 

et al., 1969),fish (Somero and Hochachka, 1968; Scopes, 1968), aves 

(Gabrielli and Ealdi, 1972; Leveille, 1969) and mammalia (Scopes, 1968; 

Kubowitz and Ott, 1944; BScher abd Pfleiderer, 1955; Tiertz and Ochoa, 

1958). In mammalian systems pyruvate kinase has been shown to have a 

wide tissue distribution (Fellenberg et al., 1962, 1963; Tanaka et al., 
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TJb'j; Imarnura et al., 1972). A detailed electrophoretic and 

immunological analysis has revealed the presence of at least three 

types of pyruvate kinase in mammals (Tanaka et al., 1965; Susor and 

Rutter, 1958), the relative amounts of each type present being 

dependent on the tissue (imamura et al., 1972). 

1) Properties of the Multiple Enzyme Types 

Only one type of the enzyme is present in skeletal muscle, type M 

(Tanaka et al., 1967b; Imamura and Tanaka, 1972). This is 

electrophorically and immunologically distinct from the other enzyme 

types, and was the first to be purified. Moving boundary electrophoresis 

of the rabbit muscle enzyme yielded only one peak at pH 5.0, 6.02 

and 7.76 (Warner, 1958). The isoelectric point, 5.98, determined 

for this enzyme (Morawiecki, 1958) differs from that, 6.75, found for 

the rat muscle enzyme (Criss, 1969). The amount of type M enzyme 

present in a tissue is not dependent on diet or hormones (Tanaka et al., 

1967b) and it displays Michaelis-Menten kinetics with both substrates 

(Reynard et al., 196l). 

Type L enzyme, which constitues the major fraction of activity 

present in liver, has only been found in liver, kidney and intestine 

(Tanaka et al.y 1967b; Taylor and Bailey, 1967). Ra^ liver type L 

enzyme has tx:en crystallised cwxi s?K)v»i to l^we different electrophoretic, 

chromatographic, kinetic and physical properties from the type M 

enzyme (Tanaka et al., 1967b). The amount present in liver is affected 

by diet (Tanaka et al., 1965; Krebs and Eggleston, 1965) and hormones 

(Weber et al., 1965a,b; Seubert and Huth, 1965). It exhibits 

sigmoidal saturation kinetics with PEP and allosteric activation by 

FDP (Taylor and Bailey, 1967; Tanaka et al., 1967a) or glucose-1,6-

diphosphate (Koster et al. , 1972). Multiple activitypeaksaure seen after 

electrophoresis or isoelectric focussing of liver extracts. Four 

peaks were found in rat liver homogenates, one of which was the type 

enzyme (Cf) (Tanaka et al., 1967b). Criss (1969) obtained four 

peaks on isoelectrofocussing with pi values of 5.5, 5.75, 6.00 and 
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6.75. Three of these were neutralised by anti-type L serum (Tanaka 

et al., 1967b). 

Pig liver, like rat liver, contains multiple enzyme peaks on 

isoelectrofocussing; the two major peaks having pi values of 5.3 and 

6.1 (Hess, 1971). The former binds 2 moles FDP per mole enzyme whilst 

the latter is PDP free. The distribution of the porcine enzyme in 

these different forms varied during purification indicating that some 

of these are related. Fresh pig liver homogenate contained predominantly 

the FDP loaded species (pi = 6.l). 

A third type of the enzyme, type Mg, exists in other tissues 

including liver, kidney and spleen (Susor and Rutter, 1968; Imamura 

and Tanaka, 1972). This type cross-reacts with anti-M^, but not 

anti-L, serum and constitutes the fourth peak found in normal liver 

(Tanaka et al., 1967b; Imamura and Tanaka, 1972). Type Mg enzyme can 

be distinguished from type M as they have different sensitivities 

towards ATP and Cu^^ and they have different (PEP) values. 

Imamura et al.,(1972) report sigmoidal kinetics with respect to PEP 

for type Mg enzyme and FDP activation analogous to type L enzyme. 

Criss (1969) and Middleton and Walker (1972), however, report 

hyperbolic saturation kinetics for PEP with no FDP activation; 

characteristics of type enzyme. 

A fourth possible type of pyruvate kinase is that present in 

erythrocytes (ibsen et al., 197l). This enzyme exhibits sigmoidal 

saturation kinetics aad is activated by FDP (Cartier et al., 1968). 

It has a different electrophoretic mobility to the other enzyme 

types already discussed (imamura and Tanaka, 1972). It is unknomn 

whether it represents a separate class of pyruvate kinase, or as 

suggested by Imamura and Tanaka (l972) that it represents a hybrid 

of the type L and Mg enzymes. Interest in this enzyme type was 

generated by the discovery that a genetic pyruvate kinase deficiency 

exists in patients suffering from a type II congenital haemolytic 

anaemia (Tanaka et al., 1962). 



•H 

m 

u 

(U (U 
-W -w 
U u 
O o 
k 

g 
s 4_j +J 
E 
:3 
:%: w [l] 

(U 

(U 

EH 

(U 
P4 

00 
o 

4-J 
cn 
III (U > 

(\j 
CM 

k 

ir̂  vo 

O 

O 

O 
"qr 

vo 

CO 

o 

o 
m 

\o ir\ 

o 
o 

< D 

o 

8 

O 

s 
O 

=1 o d . o o O m 
vo CO o CO ir\ a \ 

\ o CO cn 

o 
o 
o 
'f 

OJ 

(U 

"H 
X 

U1 
(U (U 

h-3 'H 

o l f \ o o 
CJ 
S CM CO 
'H O 

m 
o 

•H 
(U > 
"H Q) 

E3 -W 
(U M 
QJ (U 
fH 4J U 

OJ 

o m 

4-J 
(U 

o 
o 
GO 
I 
o 

=1 
o 
o <j-

C\J 

o 

o 
o 
CO 

I 
o 
c n 

O 
0\ 
I 

o 
n 
vo m (\j 

8 
O 
vo 
CM 

C7\ 

U 
(/) 
a 

4-1 
(U 
r-l 
(U 

o 

=1 
CM 
CO 

=1 
O 

S g 
o 
CM 

O 
o 
o 

I>~ 
CO 
(M 

O 
•H 
-p 

P-I 
H 

g 'H PH 
Sh 

PH 

M 4-1 u-\ 
M W 

' H •H o 
H Q w 

A 

a 
•H s 

&H 
Ph qj 
w u 
PL, s 
—• (U 
LA in 
# (U 
o ^ 

W A 

PH OH 

O O 
M 

rH 
3 S 
(U D) 
!—I 'H 

o 

00 
o 

<0 

o 
o 
. ir\ 
vo 
ir\ vo 

vo 
% a 

00 
1 

o m 

o o j . o o 00 i r \ cn 
CO o o o m o 
00 00 CO m CM i r \ i r \ 

CM 

00 
(7\ 

m 

H 
A 

o\ 

u 

N 
4_) 
13 
W 
T) 

: 
C/1 
(U 

O 
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A change is seen in the distribution of the enzyme types present 

in rat liver in pathological conditions. Specifically, there is an 

increase in the amount of type Mg enzyme in regenerating liver or in 

de-differentiating tissue near a hepatoma (Tanaka et al., 1967b; 

Imamura and Tanaka, 1972). After complete de-differentiation only 

type Mg enzyme is found, whilst after complete liver regeneration the 

profile of the type Mg and L enzymes becomes normal. Some of these 

changes have been confirmed by Criss (l969) who found that a new 

species of pyruvate kinase (pi = 7.28) was formed in de-differentiating 

tissue. 

It is difficult to compare the relative electrophoretic mobilities 

of the enzymes from different species because of the different 

conditions used. Scopes (1968) studied the distribution of many 

glycolytic enzymes, including pyruvate kinase, in the sarcoplasm 

from twelve species. The enzyme was found to have a wide range of 

mobilities, indicating considerable species difference. All the species 

had a single activity peak, except turtle which had five. Osterman 

and Fritz (1973) studied the electrophoretograms obtained from 8 

species of mammal. Qualatively the results for the different tissues 

were similar to those of rat described above. 

In non-mammalian tissues five bands of pyruvate kinase activity 

were detected after electrophoresis of tissue extracts of the grass 

frog Rana pipiens (Schloen et al., 1969). All five were present in 

frog egg. Electrophoretic studies indicated that only one type was 

present in yeast cells. The enzyme from Saccromyces carlsbergensis 

has a pi of 6.08, as determined by isoelectric focussing (Bischofberger 

et al., 1970). The enzymes from _S. cerevisae and S. carlsbergensis 

resemble type L enzyme in that they exhibit sigmoidal saturation 

kinetics with PEP and are activated by FDP. 



2) Molecular Weight and Sub-unit Studies 

a) Rabbit Skeletal Muscle Enzyme 

Physical measurements have been reported by Warner (1958) for the 

enzyme originally isolated as fluorokinase. Values of S^^ ^ = 10.04S, 

= 3.96 X 10 ^ cm^sec ^ and partial specific volume = 0.74 cm^g 
d O , w 

are reported. From these values a molecular weight of 237,000 was 

calculated using the Svedberg equation. Mbrawiecki (1958) gives a value 

_y 

for DpQ (solvent and protein concentration unspecified) = 4.4 x 10 

2 - 1 

cm'sec and a molecular weight of 230,000. 

The enzyme was split in 6M urea into a sub-unit of molecular 

weight 150,000; loss of catalytic activity paralleled an increase in 

concentration of this new enzyme species (Morawiecki, 1960). Steinmetz 

and Deal (1966) conducted a more detailed sub-unit analysis and 

concluded that the enzyme was a tetramer. Structural studies, as a 

function of urea concentration, revealed intermediates with = 

7.3S in 1.5M urea and 3.6S in 3M urea. Complete dissociation of the 

enzyme to a particle with s 9 ' = 1.8S occurred in 4M urea indicating 
20, w 

a non-covalent sub-unit binding. Dissociation in 7.4M urea yielded 

values of = 2.01S and 0°^ = 3.46 x 10 ^ cm^sec from which 
£-0 J W C - D f W 

a molecular weight of 56,300 was calculated. These values were 

similar in three dissociating conditions (urea; urea and p-mercapto-

ethanol; guanidine hydrochloride (GdHCl) and |3~mercaptoethanol)« 

Within experimental error the sub-units had identical molecular 

weights as shown by the similarity between and M°. Thus rabbit 

muscle pyruvate kinase consists of two identical catalytically 

active protomers (molecular weight 115,000) with each protomer 

containing two sub-units of molecular weight 57,000. 

The finding that only one mole of PEP or Mn"̂ "̂  bound to each 

protomer (Steinmetz and Deal, 1966; Mildvan and Cohn, 1965) suggested 

that the two sub-units in each protomer were not necessarily 

identical, inspite of their similarity in mass. Subsequently, 
Cottam and Mildvan (l97l) found that, with a fresh preparation of 



enzyme there were 4 binding sites per mole of enzyme. On ageing 

there was a decrease to 2 Mn"*"*" binding sites per 237,000g enzyme. This 

correlated with the specific activity changes seen on storage. No 

change in the dissociation constant for the E-Mn complex was found. 

Transition of the tetramer to dimers did not alter the number of 

binding sites for Mn"*"̂ , although there was an increase by one order 

of magnitude in the dissociation constant. Dissociation of the dimer to 

the monomer caused the number of Mn"̂ "̂  binding sites to become large 

and indeterminate together with further increases in the dissociation 

constant. 

Conformation that the enzyme is a tetramer was found by Cottam 

et al., (1969). Peptide mapping, after limited tryptic digestion, 

gave only l/4 of the number of ninhydrin reactive peptides and 

arginine and tryptophan containing peptides that was expected from 

the amino acid composition. No free N-terminal amino acid could be 

detected, but 4 moles of acetate per mole of enzyme were liberated 

upon acid hydrolysis. Differential hydrazinolysis indicated that these 

were probably present as amino acetyl groups. Amino acid analysis 

showed that tryptophan was present in least abundance with a minimum 

of one mole per 19,800g of enzyme. 

Reassociation of the enzyme from sub-units has been acheived 

(Cottam et al., 1969; Johnson et al, 1970). Cottam and co-workers 

(1969) descibe conditions in which sub-units formed in 4M urea were 

reassociated to yield enzyme with a sedimentation constant of 10S 

and most of the original catalytic activity. In optimal conditions 

reassociation from 6k GdHCl resulted in up to 70% recovery of the 

initial catalytic activity (Johnson et al., 1970). The reassociation 

was not altered by ATP, ADP, 5'AMP, 3'5' cyclic AMP or FDP. This 

reassociated enzyme had the same heat stability, 5°^ ^ and kinetic 

parameters as the native enzyme. 

b) Other Mammalian Types 

Tanaka and co-workers (1967b) are the only people to have studied 
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a crystalline type L pyruvate kinase. Their rat liver type L enzyme 

had a molecular weight of 208,000 when analysed by equilibrium 

ccntriFugation. Hess (l97l) reports values of 192,000 (Svedberg 

equation) and 200,000 (equilibrium centrifugation) for a purified 

type L enzyme, Gel-filtration of the same enzyme yielded the higher 

molecular weight of 265,000. Estimates of the sub-unit molecular 

weight vary between 48,000 and 62,000 depending on dissociation 

conditions and the method used for molecular weight determination 

(Hess, 1971). As a result no definite conclusions of the polymeric 

state of the enzyme have been made. 

The human erythrocyte enzyme has a molecular weight of 225,000 

when judged by sedimentation equilibrium centrifugation (Chern, 1972). 

Using gel-filtration Bigley et al., (1968); Koler et al.,(l968) 

and Koler et al.,(l964) found that the molecular weight was 150,000. 

Similar studies by Staal (1970) yielded a value of 205,000 whilst 

those of Calbreath (1970) a value of 235-245,000. No evidence of 

multiple activity peaks was cited by these authors. Ibsen and co-

workers (1971), however, found multiple activity peaks after Sephadex 

G-200 gel-filtration and sucrose gradient sedimentation. The most 

prevalent peak had a molecular weight of 237,000 (gel-filtration) or 

214,000(sucrosfe gradient centrifugation). On the assumption that this 

was a tetramer the molecular weights of the other peaks then 

corresponded to a pentamer, trimer, dimer and monomer. The monomer, 

molecular weight 53-60,000, was only found after sonication and then 

only in small amounts. 

c) Yeast enzyme 

The molecular weight of yeast pyruvate kinase is species 

dependent. Hunsley and Suelter (1969a) and Kuczenski and Suelter (1970b) 

found values for the sedimentation constant, S° , between 8.34-
20, w 

8.85s and the diffusion constant, D° , between 4.52-4.98 x lO"^ 
2 0 , W 

? - 1 

cm sec for the enzyme from S,cerevisae. From these values the 

calculated molecular weight is in the range 162-168,000. A value of 
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161,000 was found by Aston and Peacocke (l97l) during sedimentation 

velocity experiments. Kuczenski and Suelter (l970b) found that in 

6M GdHCl, 150mM p-mercaptoethanol a monomer of 42-45,000 was produced, 

suggesting that the enzyme was a tetramer; whilst the minimum molecular 

weight calculated from the amino acid analysis was consistent with 

a molecular weight of 20,000. A sub-unit of molecular weight 20,300 

was found by Aston and Peacocke (l97l) after dissociation in N-ethyl 

maleimide followed by dialysis against GdHCl. This implies that the 

enzyme contains 8 such sub-units, Maleylation resulted in a sub-unit 

of molecular weight 42,000 excluding the bound maleyl groups (Kuczenski 

and Suelter, 1970b), 

The enzyme from S.carlsbergensis has a molecular weight of 

191,000 when calculated by the Svedberg equation using the experimentally 

determined values of = 8.7S, D° = 4.2 x 10 ^ cm^sec ^ and 
cU,W cU, w 

3 —1 

partial specific volume = 0.754 cm g (Bischofberger et al., 1971). 

In 8M urea, 6M GdHCl or SDS sub-units with molecular weights around 

62,000 were formed (Bischofberger et al., 1970). In 6M GdHCl, 1% 

acetic acid and after extensive succinylation the enzyme dissociated 

into sub-units with molecular weights varying from 45-51,000 

(Bischofberger et al., 1971). From these studies the authors were 

unable to decide whether the native enzyme was a tetramer or a trimer. 

The minimum molecular weight calculated from the amino acid analysis 

of this enzyme is 20,000 (Bischofberger et al., 1970), the same as 

that from the S.cerevisae enzyme. 

Tobes et al.,(l972) successfully renatured the GdHCl dissociated 

enzyme from S. cerevisae. Optimal conditions gave up to 70% recovery 

of the initial activity with the renatured enzyme retaining 

allosteric activity. 

d)Hybridisation Studies 

Hybrids of bovine type L and enzymes have been reported on 

reassociation of the sub-units from GdHCl. The hybrids had 

electrophoretic mobilities between those of the parent strains and 
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could be separated by isoelectric focussing. The amounts formed were 

close to the predicted ratios of 1:4:6:4:1 expected for the random 

reassociation of two distinct types of sub-units forming a tetramer. 

The MgL hybrid had Michaelis-Menten kinetics with respect to PEP and 

was unaffected by FDP, The MgLg hybrid did not possess PEP co-

if 

operativity, but FDP activated it by causing a large decrease in 

Kpgp. The MLg hybrid showed a.marked sigmoidal relationship with PEP; 

this becoming hyperbolic on activation by FDP (Cardenas and Dyson, 

1973). 

3) Miscellaneous Properties 

a) Chemical 

Amino acid analysis of the rabbit muscle enzyme (Cottam et al., 

1969) and the yeast enzymes (Kuczenski and Suelter, 1970b; 

Bischofberger et al., 1970) shows that pyruvate kinase has a low 

content of the aromatic amino acids, especially tryptophan. This 

explains the relatively low absorbance at 280nM = 0.653 for 

the S.cerevisae enzyme (Hunsley and Suelter, 1969), 0.758 for 

the _S. carlsbergensis enzyme (Bischofberger et al., 1970) and 
0 1 y 

^1cm°~ 0.54 for the rabbit muscle enzyme (Bilcher and Pfleiderer, 1955). 

b) Physical 

Preliminary X-ray crystallography on the rabbit muscle enzyme 

(McPherson and Rich, 1972) and the yeast enzyme (Miller et al., 1972) 

has been reported. Unit cell data of the rabbit muscle enzyme suggest 

that the dimer is the primary unit. Using the unit cell volume and 

the crystal density the authors calculate that the molecular weight 

of each unit cell is 186,000. Since the molecular weight of the dimer 

is about 118,000 calculation shows that the unit cell contains about 

62% protein, an Average figure (McPherson and Rich, 1972). 

Analysis of the unit cell of the yeast enzyme, in the presence and 

absence of the allosteric effector FDP, revealed an alteration of 

the unit cell dimensions on adding the ligand (Miiller et al., 1972). 

These changes are similar to those in the frictional ratio (f/f^) seen 
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in the analytical ultracentrifuge. The mechanism of the conformational 

change will have to await an X-ray crystallographic study at 

higher resolution, 

4) Interconvertible Forms of Pyruvate Kinase 

Interconvertible forms of liver pyruvate kinase were first 

demonstrated by Tanaka and co-workers (1967a). Desensitisation to 

activation by PDF, with no change in immunological properties, was 

observed after prolonged incubation of rat type L enzyme with KCI and 

EDTA. FDP protected, the enzyme against loss of activity, but in this 

case the fully activated enzyme was present from the begining. A 

detailed investigation on the mechanism of this desensitisation 

suggested the existence of two interconvertible forms of pyruvate 

kinase in crude enzyme preparations (Bailey et al., 1968b), One form 

(type A) was insensitive to FDP and showed normal Michaelis-Menten 

kinetics with PEP. The second form (type B) was activated by FDP 

and exhibited sigmoidal saturation kinetics with PEP. Formation of 

type A was favoured by incubation at low temperature or by exposure 

to low concentrations of FDP. Resensitisation to FDP was observed 

after treatment with EDTA, ATP or citrate. 

The exact nature of this interconversion is unknown. One theory 

is that a divalent metal ion is involved in the transition and that 

this is chelated by EDTA, ATP or citrate (Pogson, 1968a;b). Pogson 

(l968a;b) studied a similar interconversion in rat adipose tissue 

enzyme. There were differences in both the sedimentation 

characteristics and electrophoretic mobilities of the two forms. The 

change in the sedimentation constant from 5.3-5.6S to 7.2-7.3S is, 

according to Pogson, insufficient to account for a change in the 

aggregation state of the enzyme, and he suggests that a large 

conformational change occurs. Evidence obtained by Susor and Rutter 

(1968) on the rat type L enzyme supports this conclusion. No change 

in molecular weight (as judged by gel-filtration) of the two forms of 

this enzyme were seen on adding FDP, although the forms were 
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electrophoretically distinct. 

Irving et al., (l970; 1973b) and Hess and Kutzbach (l97l) found 

that a FDP-enzyme complex is formed from which the FDP cannot be 

removed by extensive dilution or by gel-filtration. Binding studies 

by Irving and co-wOrkers (l970) revealed both a high affinity for 

9 —1 

FDP (affinity constant = 2.4 x 10 M~ ) and that EDTA competes with 

FDP for binding to the enzyme. Hess and Kutzbach (l97l) separated 

the two forms by isoelectric focussing and found that each sub-unit 

bound 1 mole FDP (dissociation constant = 9.6 x lO'^M) and that the 

FDP binding resulted in two distinct enzyme forms. It is likely that 

the binding of FDP causes a conformational change in the enzyme with 

a concomitant alteration in the nett surface charge. The two forms 

of the enzyme are, however, immunologically cross-reactive. 

Ibsen and co-workers (1971) observed interconvertible forms 

of the human erythrocyte enzyme which were accompanied by changes 

in kinetic properties . FDP favoured formation of the tetramer, but the 

apparent tetramer and trimer could be interconverted by incubation at 

various pH values. Using a kinetic protection method Jacobson and 

Black (1971) confirmed that the human erythrocyte enzyme exists in 

two forms, equivalent to the R and T states of Monod et al.,(l965). 

Binding of PEP or FDP converts the T state into the R state. 

The aggregation state of yeast pyruvate kinase alters in certain 

conditions. The enzyme is cold labile, and addition of FDP markedly 

enhances this rate of inactivation (Kuczenski and Suelter, 1970a). 

Addition of Mg^^ or Mn"̂ "̂  prevented the FDP induced inactivation. The 

experimental evidence presented is consistent with a binding of 2 

moles FDP per mole of tetrameric enzyme, followed by a dissociation 

into monomers via a dimeric state. The enzyme is still labile at 

room temperature where a similar dissociation mechanism operates 

(Kuczenski and Suelter,1971b). A different dimer, which is stabilised 

by FDP, is thought to be formed, however. This stabilised dimer has 

half the specific activity of the native tetrameric enzyme. Quenching 
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of the tryptophyl fluoresence of yeast pyruvate kinase occurs in the 

presence of FDP and PEP, with the FDP binding constant depending 

on temperature and effectors present (Kuczenski and Swelter,1971a). 

This indicates that a conformational change occurs followed by a 

dissociation favoured by FDP and low temperature. 

Pyruvate kinase from Bacillus 1icheniformis exists in three 

states, two inactive and one active (Touminen and Bernlohr,1971a). 

Total interconversion between the forms was achieved by incubation 

with combinations of effectors at vai^ious enzyme dilutions and at 

different temperatures. The nature of these transitions is not known, 

although the dependence of the active state on a high protein 

concentration suggests that a change in polymeric state may occur. 

Sucrose gradient centrifugation only revealed the fully active state. 

The authors were able to show, however, that sucrose stabilised the 

active state and this may explain the failure to resolve the other 

enzyme states,, 

Different conformational states of rabbit muscle pyruvate kinase 

have been demonstrated. Sorger and co-workers (1965) observed two 

patterns on Immunoelectrophoresis, depending on the monovalent ion 

present. The activating cation K"*" gave a pattern distinct from that 

of the non-activating tfis* and Li"̂  ions. Using electrophoresis as 

the criterion, Betts and Evans (1968a) were unable to detect any 

significant conformational change on binding of either an activating 

(K*) or non-activating (Li*) ion. Mg"*"*" ions did cause a change i n 

mobility, due in the opinion of the authors, to a change in the 

conformational state. Kayne and Suelter (1968) observed changes in 

the UV difference spectrum of muscle pyruvate kinase upon temperature 

; I 

change, paralleling changes in the optical rotatory dispersion 

spectrum and in the sedimentation velocity of the enzyme. The 

temperature effect followed the behaviour expected for an equilibrium 

between two forms of the enzyme. Conditions were found which favoured 
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formation of either form. This explanation rationalises the 

anomalous Arrhenius plot shown by the enzyme. A high activation 

energy was seen at low temperatures changing abruptly to a lower 

activation energy at higher temperatures. In different solvents the 

temperature at which the transition occurs parallels the changes in the 

UV difference spectrvup. 

Wildes and co-workers (l97l) observed changes in the circular 

dichroism (CD) spectrum of muscle pyruvate kinase in response to 

both temperature and univalent ions. Both K"̂  and Li"*" caused large 

changes in the CD spectrum and hence no correlation could be made 

between catalytic activity and enzyme conformation. 

Temperature-jump relaxation studies in the presence of the 

activating divalent metal ions and substrates revealed several 

concentration independent relaxation effects. The appearance and 

disappearance of these effects as a function of temperature indicated 

that different conformational states of the enzyme existed. The 

proportion of each state varied with temperature and the liganded 

state of the protein. Using proton relaxation techniques Reuben and 

Cohn (1970) provided further evidence that rabbit muscle enzyme exists 

in different conformations. Mn"*"*" binding experiments were interpreted 

in terms of an equilibrium mixture of two conformational^states. 

The catalytically inactive state did not bind Mn"̂ "̂  whilst the active 

state had 4 Mn"̂ "̂  binding sites. 

5) Studies on the Catalytic Reaction 

Pyruvate kinase catalyses the phosphorylation of ADP with PEP 

as the phosphoryl donor. The study of the mechanism of this phosphate 

transfer is of importance because it may increase our understanding 

of how other phosphorylation reactions, especially those linked to 

oxidation, occur. The early studies used rabbit muscle enzyme as 

the model because of its general availability and the innocence of 

the occurrence of other enzyme types. 
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a) Equilibrium 

Meyerhof and Oesper (1949) determined the apparent equilibrium 

constant of the reaction as 2000 at 30°C and at an unspecified pH. 

Subsequently McQUate and Utter (l959) and Krimskey (1959) determined 

the constant at various pH values. Calculation of the pH independent 

constant yielded values between 10^^ and 10^^ after giving consideration 

to the various ionic and magnesium complexes present. These values 

are subject to some error, however, because of the uncertainty, at 

that time, of the dissociation constants of the magnesium nucleotides. 

Using the data of McQuate and Utter (1959) the Ag° for the reacti ion 

is approximately t4,700 calories, indicating the large difference 

in the free energy of hydrolysis of the phosphate from PEP and ATP. 

Although the equilibrium of the reaction lies very much in favour of 

ATP synthesis the maximal initial velocity of the reverse reaction 

has been reported as being only 150-200 times less than that of the 

forward reaction (ifcQuate and Utter,1959). 

b) Requirement for a Univalent Ion 

For full catalytic activity pyruvate kinase requires (Boyer 

et al.,1942); a cation required for activity in the flourokinase 

(Tiertz and Ochoa,1958) and hydroxylarainekinase (Kupiecki and Coon, 

1959,1960) reactions. Rose (1960) found that IC"̂  was required for 

the exchange of the methyl hydrogens of pyruvate in the presence 

of ATP and pyruvate kinase. The activity of pyruvate kinase was 

less than 1.5% of maximal when K"̂  was replaced by Na"*", suggesting 

that K"*" is an essential activator (Kachmar and Boyer,1953). EH* 

(Kachmar and Boyer, 1953; Muntz and Hurwitz, 1951), Rb"̂  (Kachmar and 

Boyer, 1953), Cs"*" (Suelter et al.,1966) and Tl"*" (Kayne and Rue ben, 

1970) have a limited ability to activate whilst tetramethylammonium 

is non-activating (Haeckel et al., 1968; Holmsen and Storm, 1969). 

This suggests that the specificty may depend on the effective 



18 

hydrated radius of the ion. Inhibition of the enzyme was observed 

at high salt concentrations; but it will be remembered that this 

enzyme was inhibited by increasing ionic strength (Melchior,1965). 

Kayne (l97l) found 4 binding sites for ^^^Tl per molecule of 

pyruvate kinase, corresponding to the number of Mn'*"'' binding sites 

(Davidoff and Carr,1972; Cottam and Mildvan,1971), and presumably the 

number of active sites. As previously mentioned it is thought that the 

K"̂  causes a change in the conformation of the enzyme (Sorger at al., 

1965; Wildes et al., 1971; Reuben and Cohn, 1970). Melchior (1965) 

concluded that K"*" functions as an essential activator of the reaction, 

NMR studies by Nowak and Mildvan (l972a,b) using substrate analogues 

of PEP/ and measuring the relaxation rate of water protons, suggested 

that the K"*" stabilises the carboxylate moiety of PEP in the active 

site. The binding of increased the distance between the divalent 

ion and the methyl group of the analogue L-phospholactate, consistent 

with movement of the carboxyl group. The authors suggest that binding 

of the Yi* changes the conformation of the E-Mh-PEP complex to a 

catalytically active form. Reuben and Kayne (l97l) and Kayne and 

Reuben (l970) using NMR techniques measured the distance between the 

Tl*" and Mn"*"̂  binding sites and found that it decreased on binding 

of PEP to the enzyme. This is direct evidence for a conformational 

change in the enzyme on binding of the univalent ion. 

Rat liver type L (de Asua et"al., 1970) and yeast (Haeckel et al., 

1968; Hunsley and Suelter,1969) pyruvate kinases have a sigmoidal 

velocity response curve towards the activating univalent cation. 

Addition of FDP or saturation with PEP transforms the response to 

the normal Michaelis-Menten type. High concentrations of K"̂ , however, 

will not eliminate the homotropic co-operativity shown by either PEP 

or ATP (de Asua et al., 1970). Compared to the co-operativity seen 

at pH 7.5 the liver enzyme showed a marked decrease in the 
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co-operativity towards K"̂ . In these conditions the co-operativity 

of PEP increased with pH. This indicates that the apparently 

heterotropic effect of protons on the binding of is caused 

indirectly by either variation in the affinity of the enzyme for 

PEP or by variation of the nature of the ionic forms of PEP. This 

will also explain the unidirectional relationship between the 

heterotropic and homotrbpic interactions of K"̂  and PEP. 

c) Requirement for a Divalent Ion 

In common to other kinases, pyruvate kinase requires Mg"*"*" for 

activity, as indicated by the studies of Lohmann and Meyerhof (l934). 

Mg** can be replaced by Mn"̂"*" (Solvonuk and Collier, 1955a; Suelter 

et al.,1966; Mildvan and Cohn, 1965), Ni'*"^(Mildvan et al 1971) or 

Co"'"'"(Bygrave, 1966) in the pyruvate kinase reaction. Whilst Zn"*""*" 

and Sr** (Lipmann and Tuttle, 1945) and Ba**,Ca**,Be** and Cuf"*" 

(Bygrave, 1966) are ineffective. It is strange to find that 

or Co** but not Mg** promote the hydroxylamine kinase reaction 

(Kupiecki and Goon, 1959,1960), whereas Mg*"*" or Mn**, but not Zn"*"*", 

promote the flourokinase reaction (Tiertz and Ochoa, 1958). This 

indicates that there is a limited space on the enzyme for the binding 

of the divalent metal ion and that the hydration radius of the ion 

is important for the particular transfer reaction occurring. In 

both the flourokinase and hydroxy1amine kinase reactions bicarbonate 

ions are required and it is feasible that the bicarbonate ions bind 

to the active site mimicking the carboxyl'^te group of PEP. 

Kinetic studies by Melchior (1965) on the interaction of the 

divalent metal ion with pyruvate kinase led to the conclusion that 

the divalent metal ion was required to form the ADP chelate (ie. 

MgADP ) and that this was the true substrate for the enzyme, A similar 

conclusion was reached by Ibsen et al.,(1968) for the human 

erythrocyte enzyme. This is in accord with the generalisation made 

by Cleland (1967) that nucleotide di- and tri- phosphates always 



20 

react in the form of their bivalent metal ion chelate. Mildvan and 

Cohn (1965,1966) demonstrated^by NMR, formation of an E-M-S bridge 

complex, and they suggest that this complex is formed either by 

separate addition of the and ADP to the enzyme or by addition 

of MnADP". Similar conclusions were reached when Ni** was the 

obligatory cation (Mildvan et al., 197l). 

Cleland (1967) has questioned the interpretation of the data 

presented by Mildvan and Cohn (1966). Using the same data he concluded 

that neither free Mn"*"*" nor ADP combined with the enzyme. "The role 

of the metal ion in these reactions is solely to complex the 

reactants and facilitate the catalytic step". The conclusions 

reached by Cleland are supported by Melchior (1965) who found no 

inhibition by ADP ~ or KADP suggesting that these do not react 

with the enzyme. Recent kinetic studies on the rabbit muscle enzyme 

(Ainsworth and MacFarlane,1973) and on the FDP activated yeast 

enzyme (MacFarlane and Ainsworth, 1972) suggest that Mg"*"̂  and ADP 

are the true substrates of the reaction. An explanation for these 

differing results is not forthcoming, but it may be an effect of pH. 

Ainsworth and MacFarlane used pH 6.2 in their studies,whereas 

Melchior (1965) worked at pH 7.0 and Mildvan and Cohn (1966) at 

pH 7.4. If MgADP" is not the true substrate it is hard to explain 

the finding of Reynard et al. (l96l) that no inhibition was seen on 

adding excess Mg"̂ "̂ . Other workers, however, have observed Mg** 

inhibition (Melchior,1965; MacFarlane and Ainsworth,1972; Ainsworth 

and MacFarlane,1973). 

The interpretation of many results are complicated by the 

finding that the number of Mn"̂"*" binding sites decrease as the enzyme 

ages (Cottam and Mildvan, 1971). Freshly prepared rabbit muscle 

enzyme has four binding sites for Mn̂ '*' (Cottam and Mildvan, 1971; 

Davidoff and Carr,1972) the same as that for Zn"*"̂  (Cottam and Ward, 
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1969) and Ca (Davidoff and Carr,1972), Aged enzyme has only 2 

Mn"*""*" binding sites per mole of enzyme. 

Binding of the divalent ion (Suelter et al.,196?) or Mn-PEP 

(Mildvan and Cohn, 1966) seems to cause a conformational chainge 

when judged by tryptophyl fluoresence and NMR, respectively. From a 

comparison of the muscle and yeast enzymes Ainsworth and MacParlane 

(1973) concluded that the locus, within the active site of the ' 

yeast enzyme, where a conformational change is triggered lies in 

the region of overlap between the binding sites of PEP and MgATP^". 

The yeast enzyme (Haeckel et al.,1968; Hunsley and Suelter, 1969b) 

and the enzyme from Mucor rouxii (Passeron and Terenzi, 1970) show 

homotropic co-operativity towards the divalent metal ion. 

Ca^^ inhibits the Mn^^ or Co** activated rabbit muscle 

enzyme (Kachmar and Boyer,1953; Bygrave,1966). This inhibition is 

competitive yith the divalent metal'ion (Bygrave,1966; Mildvan and 

Cohn,1965) and increasing K* partially overcomes this inhibition 

(Kachmar and Boyer,1953). Ca** has been reported to have a biphasic 

action on the enzymes from pigeon liver or rat liver (Gabrielli and 

Baldi,1972). At low concentrations of PEP variation of Ca**, in the 

presence of Mg**, gave an initial activation followed by inhibition. 

At high PEP concentrations, or in the presence of FDP, only the 

inhibitory action was seen. In the absence of Mg** no activity was 

measured indicating that Ca** cannot replace Mg**. No mechanism was 

given to explain these effects, and it is unknown whether the effects 

are occuring at the substrate or enzyme level. ^^Ca** can bind to 

4 distinct sites on the muscle enzyme (Davidoff and Carr,1972). 

Solvonuk and Collier (1955a) reported that Cu** inhibits 

erythrocyte pyruvate kinase. Cu** has since been found to inhibit the 

liver type L, but not the type M, enzyme of mouse (Passeron et al., 

1967) and rat (Bailey et al., 1968b). Bailey and co-workers (l968b) 
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studied the inhibition in detail and found that PEP or FDP readily-

protected the enzyme from inhibition, although no significant reversal 

of the inhibition by these compounds was demonstrated. It may be 

significant that the Cu"'"'" only inhibits the type L enzyme and that 

protection is afforded by either PEP or FDP. 

Hg** inhibits both the pyruvate kinase reaction (Solvonuk and 

Collier, 1955a) and the hydroxylamine kinase reaction (Kupiecki and 

Coon, 1959;1960). Subsequent experiments using other sulphydryl 

reagents, including p-chloromercibenzoate (Solvonuk and Collier, 1955a; 

Kupiecki and Coon, 1959?1960), N-ethylmaldimide (Kupiecki and Coon, 1959; 

1960), iodoacetamide (Kupiecki and Coon, 19595 1960; Jacobson and Black, 

1971), iodoacetate (Kupiecki and Coon, 1959;1960) or 5-5'-dithio bis 

(2-nitrobenzoic acid) (DTNB) (Plashner et al., 1973; Wieker and Hess, 

1972) revealed that pyruvate kinase does not have a readily reactive 

-SH group essential for activity, but that the more avid -SH reagents 

can cause inactivation. PEP alone offered most protection to the 

muscle enzyme against ihactivation by DTNB (Flashner et al., 1973). 

Catalytically active enzyme obtained by reaction with DTNB in the 

presence of PEP was separated from the native enzyme. In the absence 

of PEP this underwent a disulphide interchange yielding an inactive 

enzyme. Catalytic activity was recovered by incubating this enzyme 

with dithiothreitol or P-mercaptoethanol. 

After incubation with oxidised P-mercaptoethanol (or glutathione) 

rat liver enzyme has altered catalytic and allosteric properties. These 

were completely reversed on addition of reduced 3-mercaptoethanol 

(van Berkel et al., 1973). There are six cysteine residues per sub-unit 

of yeast enzyme and of these only three react with DTNB to yield 

inactive enzyme (wiecker and Hess, 1972). Protection experiments 

showed that one of these reactive groups is at or near the active site, 

one at or near the allosteric site anfl the third at some other locus. 
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It is believed.that subsitution at the active site leads to 

inactivation as a result of steric factors whilst substitution at 

the allosteric site leads to inactivation as a result of a 

conformational change. 

Other important amino acids required for activity are lysine and 

histidine. Both rabbit muscle (Johnson and Deal, 1970; Hollenberg 

et al,,197l) and the yeast (Roschlau and Hess, 1972) enzymes have an 

SNHg group of lysine at or near the active site. Various combinations 

of ligands offer degrees of protection; the most effective being ADP 

or ATP. The lysine may be involved in the binding of PEP to the 

enzyme. Bornmann et al.,(l972) have demonstrated the presence of a 

very reactive histidine near the active site of yeast pyruvate kinase; 

PEP gave greatest protection to alkylation of this residue. 

d) Substrate Specificty 

Until recently PEP was thought to be the only phosphoryl donor 

for the pyruvate kinase reaction. Recent synthesis of the 

phosphorylated enols of a-keto acids demonstrated that some of these 

have a limited ability to replace PEP; although PEP is the only 

known physiologic donor (Blondinell and Sprinson, 1970; Stubbe and 

Kenyon, 1971, 1972; Woods et al., 1972). Other PEP analogues bind to 

muscle pyruvate kinase although they do not enter the catalytic 

reaction (Nowak and Mildvan., 1970,1972a). Rose (1960) studied the 

substrate specificity of the reverse reaction by measuring the exchange 

of hydrogens on,the g carbon of various keto acids with solvent. 

Only pyruvate showed an accelerated exchange in the presence of enzyme, 

indicating specificity for pyruvate. These experiments also indicate 

that pyruvate, ajid not enol pyruvate, is the true substrate for the 

reaction. Rose (1970:) and Blondinell and Sprinson (l970) have 

independently determined the stereochemistry of the protonation of 

PEP in the enzymic reaction. Both groups concur that the addition is 
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to the si face of PEP, 

NaBH^ stereoselectively reduces pyruvate in the presence of 

rabbit muscle pyruvate kinase, and Na"*" yielding predominantly 

D-lactate (Philips et al., 1973). This stereoselective reduction 

was not seen in the absence of the divalent metal ion, or in the 

presence of Ca"̂ "*". The fact that saturating PEP, but not ADP, abolished 

the stereoselective reduction provides evidence that PEP and pyruvate 

share the same binding site. 

The specificity for the nucleotide does not appear to be as 

stringent as that for PEP. Strominger (l955) reported that GDP and 

CDP will replace ADP, albeit with reduced activity. Subsequent studies 

by Davidson (l959) concluded that either GDP or IDP could substitute 

for ADP, but with a loss of maximal activity. The pyrimidines CDP 

and UDP were not active when pure enzyme was used and he suggested 

that the presence of a nucleoside diphosphokinase was responsible 

for the observation of Stominger (1955) that CDP would replace ADP. 

2'deoxy ADP showed only 11% of the rate obtained with ADP, indicating 

that the 2' hydroxy1 is important for full catalytic activity 

(Klenow and Anderson, 1957). Holinadel and Cooper (1973) studied a 

series of analogues of ADP and concluded that the 2' and 3' cis 

hydroxyls of the ribose ring and the glycosidic bond are of major 

importance in determining the reactivity of the nucleotide. Changes 

to the purine base had minor effects. These results parallel those 

of Plowman and Krall (1965) who studied the apparent specificity of the 

enzyme for the nucleoside diphosphate. These workers concluded that 

the nucleotide diphosphate was bound to the enzyme by two regions in 

an obligatory order, the p-phosphoryl group binding before the 

nucleoside. From pH studies a doubly ionised phosphate and/or an 

imidazole group on the enzyme were postulated as being required 

for nucleotide binding, with the possible involvement of an ionised 

a-amino group in the reaction. 
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e) Initial Rate and Product Inhibition Studies 

Initial rate studies of pyruvate kinase from all sources 

(except one) yield intersecting Lineweaver-Burke plots as the second 

substrate is varied. This is diagnostic of a sequential mechanism 

in which a ternary complex is forned. The kinetic evidence, coupled 

to the inability to detect any phosphorylated enzyme (Hass et al., 

1961) or exchange between pyruvate and PEP (Harrison et al., 

1955) is strongly indicative that the phosphate group is transfered 

directly from PEP to ADP and not through a phosphorylated enzyme 

intermediate. The only reference to a non-sequential mechanism is 

for the enzyme from Brevibacterium flavum (Ozaki and Shito, 1969) for 

which a ping-pong pattern of parallel lines was obtained in a 

Lineweaver-Burlte plot. 

The first systematic kinetic study of the rabbit muscle enzyme 

was made by Reynard and co-workers(l961). Direct binding studies 

were also performed to confirm whether a random addition of substrates, 

inferred from kinetic studies, could occur. The value of K (PEP) 
m 

was in agreement with the dissociation constant measured directly 

by equilibrium binding. The low affinity of the enzyme for the other 

substrates, however, made direct determination of the dissociation 

constants difficult. More recent analyses show agreement of the 

dissociation constants of the enzyme-substrate complexes obtained by 

NMR and the kinetically calculated ones (Mildvan and Cohn, 1966). 

Fell and co-workers (1972) have shown that this is true for PEP 

binding to the yeast enzyme. 

The most recent kinetic studies on rabbit muscle enzyme(Ainsworth 

and MacFarlane, 1973) and the FDP activated yeast enzyme (MacFarlane 

and Ainsworth, 1972) were extended to include Mg^^ as a substrate. 

The results obtained indicate that the substrates can bind randomly 

to the rabbit muscle enzyme, whilst an ordered addition takes place to 
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the yeast enzyme. 

Initial rate studies, extended by measuring the rate as a 

function of one substrate in the presence of a changing fixed amount 

of one product, can distinguish between certain kinetic mechanisms 

(Cleland 1963a,b,c). Reynard and co-workers (l96l) were the first 

to apply this kind of analysis to pyruvate kinase. They observed 

competitive inhibition between ATP and both ADP and PEP. This is 

compatible with a random addition of substrates. They were unable 

to study the effect of pyruvate on the system, however, because 

assays available at that time depended on the measurement of pyruvate 

formation. The information presented by these workers from both 

kinetic and equilibrium binding studies is compatible with a rapid 

equilibrium random mechanism. 

The studies of Melchior (1965) are not compatible with a 

rapid equilibrium mechanism, if M^ADP" is the substrate, as non-linear 

Lineweaver-Burke plots were obtained with MgADP" as the variable 

substrate. A complete kinetic analysis performed on the rabbit muscle 

enzyme showed that the reaction is consistent with a rapid equilibrium 

random Tri-Bi type (Ainsworth and MacFarlane, 1973). The substrates 

are ADP, and PEP and the products pyruvate and MgATP". Dead-end 

complexes between the enzyme and ADP, Mg"*"̂  and pyruvate can form 

randomly. This mechanism is different to that that the same workers 

found for the FDP activated yeast enzyme (MacFarlane and Ainsworth, 

1972). This enzyme has a mechanism compatible with an ordered Tri-Bi. 

The order of addition of the substrates is PEP, ADP and then Mg"̂ ;̂ of 

the products pyruvate is released before, MgATP". Formation of an 

enzyme-pyruvate dead-end complex occurs. 

Campos and co-workers(1965) studied the inhibition of the human 

erythrocyte enzyme by ATP. Competition was seen between ATP and PEP 

and non-competitive inhibition occurred between ADP and ATP. This is 

not consistent with an equilibrium random, mechanism as found for the 
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rabbit muscle enzyme and it suggests the possibility of an ordered 

addition of substrates. The same authors performed initial rate 

analysis of the leucocyte enzyme, but no results of ATP inhibition 

studies were reported. The initial rate data of the leucocyte enzyme, 

using the notation of Dalziel (l957)» had the equality ^ ^ 

suggesting that an equilibrium random mechanism may operate. 

A summary diagram consistent with information from most sources 

is given in fig. 1. The route of formation of the quartenary complex 

varies but once formed an explanation for the product inhibition 

patterns and dead-end complex formation is readily apparent. The amino 

acids involved have been tentatively assigned from those residues 

that are known to be required for activity, 

6) Physiological Control of Pyruvate Kinase 

That the pyruvate kinase reaction is a likely control point of 

glycolysis has been mentioned in the general introduction. If this is 

accepted then there are two major means of regulating the enzyme 

activity in a cell. Either by activation and inhibition of the enzyme 

or by alteration of the amount present (induction and suppression). 

Either, or both, of these phenomenon can contribute towards the 

regulation of one particular enzyme; the main difference being one 

of the time scale of the onset and offset of the regulation. Kinetic 

activation and inhibition occurs almost immediately after the 

alteration in concentration of the activator or inhibitor. Furthermore, 

the process is normally readily reversible. Generally, induction and 

suppression have a much longer time course (measured in minutes and 

hours) because ^ novo protein synthesis may be involved. The half 

life of the protein, intracellularly, has to be considered because 

a new balance between rate of enzyme synthesis and rate of breakdown 
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may be established. Induction and suppression are not, therefore, 

readily reversible processes. 

As a first approximation induction and suppression are long term 

mechanisms for regulating metabolism in response to slow changes in 

the environment or nutritional status of the organism. Activation 

and inhibition, on the other hand, allow fast responses in a reaction 

to the metabolic requirements of the cell. The two types of process 

are complimentary and allow the cell greater autonomy. 

a) Enzyme Induction and Suppression 

The total pyruvate kinase content of rat liver varies with diet 

(Krebs and Eggleston,1965; Tanaka et al., 1965; Bailey et al., 1968a) 

and season (Tanaka et al., 1967b). A greater increase in liver 

pyruvate kinase activity was seen after fructose feeding than after 

glucose feeding, and as much as a tenfold variation was seen on passing 

from a low to a high carbohydrate diet (Tanaka et al., 1967b; Bailey 

et al., 1968a). On the same dietary regime different strains of rats 

showed variation in pyruvate kinase activity (Eggleston and Krebs, 

1969), but similar qualatitive changes occurred within one strain when 

fed different diets. Tanaka et al,,(1965;1967b) confirmed the effect 

of diet on pyruvate kinase activity and were able to show, by 

immunological studies, that the variation of activity occurred with 

the type L enzyme. 

The mechanism for this preferential control of pyruvate kinase 

is not known. At one time it was thought that a single cell contained 

both forms of the enzyme, each with their own control mechanisms. 

Adult liver, however, contains a mixed population of cells. The 

parenchymal cells (the liver cells) are present in greatest abundance, 

with Kupffer cells and erythrocytes (present in the capillary bed) 

present in small quantities. Parenchymal cells of rat liver, separated 
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from the other cell types contained only type L enzyme (Crisp and 

Pogson, 1972; van Berkel et al., 1972), whilst the Kupffer cells 

appeared to contain only type enzyme. By inference the parenchymal 

cells appear to be the site of gluconeogenesis in liver. Furthermore, 

the cellular partition of pyruvate kinase simplifies the control 

because only one type is found in a single cell. 

The amount of type L pyruvate kinase in liver is influenced by 

hormonal conditions (Weber et al., 1965a;b; Tanaka et al., 1967b). 

Alloxan diabetic rats showed a marked decrease in the total hepatic 

pyruvate kinase (Weber et al., 1965a;b) with a decrease in the 

type L/type ratio (Tanaka et al., 1967b). Subsequent insulin 

administration returned the levels to normal. De noVo protein 

synthesis was involved as the insulin induction was prevented by 

injection of the transcriptional level protein synthesis inhibitor 

actinomycin D. Rat liver cells kept in tissue culture show insulin 

responses similar to alloxan diabetic rats with the insulin effect 

blocked by the inhibitors actinoirycin D and cycloheximide (Gerschenson 

and Anderson, 1971). It is of interest that glucose evokes an 

increase in the specific activity of the enzyme in cultured liver/ cells 

analogous to the vivo response. This effect is not altered by 

either actinomycin D or cycloheximide, suggesting that it is 

independent of protein synthesis. 

Of the steroid hormones the glucocorticoids (Weber et al,, 1965a) 

and Cortisol (Seubert et al., 1968) were without action on hepatic 

pyruvate kinase. 17p oestradiol increased the activity of uterine 

pyruvate kinase in ovarectomised rats (de Asua et al., 1968), an 

effect that was blocked by actinomycin D, 5-flourouracil or cycloheximide. 

Stifel and co-workers (1969) demonstrated ^ increase in the specific 

activity of pyruvate kinase in the jejunum of male and female rats 

after oral administration of progesterone, diethyl stilbesterol (DES) 
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17P oestradiol cind testosterone. The response depended not only upon 
1 

the hormone, but also on the sex of the target tissue. The mechanism 

by which the hormones increased the enzymic activity is not known. 

In vitro DES and certain other steroids are effective inhibitors of 

rabbit muscle pyruvate kinase at concentrations as low as 4 |iM 

(Kimberg and Yielding, 1962a;b). It seems likely, however, that the 

action is due to a general surfactant effect. 

Some bacterial pyruvate kinases respond to nutritional status 

in a similar manner to the type L enzyme. The specific activity of 

the FDP activated enzyme of E.coli (Malcovati and Kornberg, 1969), 

Euglena (Ohmann, 1969) and of Rhodotorula (Fernandez et al., 196?) 

are determined by nutritional status. The fungus, Mucor rouxii, 

contains three types of pyruvate kinase (Terenzi et al., 1971; 

Passeron and Roselino, 1971; Friedenthal et al., 1973) all showing 

co-operative kinetics towards PEP, TypQS 1 and 11 have very similar 

kinetic and physical properties but appear during different 

morphological stages. The third type, which is less sensitive to 

FDP than the othet' types, is found when the fungus is grown on 

casamino acids and is thought to be under nutritional control. 

Constituitive modes of synthesis have been reported for the AMP 

activated enzyme of E.coli (Malcovati and Kornberg, 1969), the pyruvate 

kinases of Acetobacter xylinum (Benziman, 1969), B.subtilis 

(Diesterhaft and Freese, 1972) and B.1icheniformis (Touminen and 

Bernlohr, 1971a). 

b) Kinetic Control 

Skeletal muscle pyruvate kinase (Rozengurt et al., 1970) and 

human erythrocyte e^nzyme (Ponce et al., 1971) are both inhibited by 

2,3 diphosphoglycerate, possibly with some significance physiologically 

for the erythrocyte enzyme. These tissues are non-gluconeogenic and 

it is possible that this inhibition is meinifest only at concentrations 
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greater than those occurring in the cell. The skeletal muscle 

(Rozengurt et al., 1970; de Asda et al., 1971; Carminatti et al., 

1971), cerebro-cortical (Schwark et al., 1970; Weber et al., 1969), 

prostatic and seminal vesical (Vijayvargiya et al., 1969,1970) and 

liver enzymes (de Asua, 1971) are inhibited by L-phenylalanine. The 

inhibition of skeletal muscle enzyme exhibits negative co-operative 

interactions of the phenylalanine, a property strongly dependent on 

pH (Carminatti et al., 1971; Rozengurt et al., 1970). Serine, cysteine, 

and alanine reverse the inhibition by increasing the ^(phenylalanine) 

but they do not abolish the co-operative effects. The phenylalanine 

acts as an allosteric inhibitor. Reassociation of the enzyme from 

sub-units markedly decreased the homotropic co-operativity of 

phenylalanine (Carminatti et al., 1971) and so it may function by 

altering the polymeric state of the enzyme The physiological 

significance of the phenylalanine effect must be brought into question 

because of the large concentrations needed to observe the inhibition. 

The KQ ^^Phenylalanine) is of the order of 8mM (Rozengurt et al., 1970) 

whilst the vivo concentration in rat muscle is 90-100|iM (Pain and 

Manchester, 1970; Ryan and Carver, 1963). 

Both the mammalian type L and yeast enzymes are activated by 

FDP at low concentrations of PEP (Tanaka et al., 1967a; Hess et al., 

1966). The close analogue glucose 1,6 diphosphate activates rat 

liver pyruvate kinase (Koster et al., 1972), but not the yeast enzyme 

(Haeckel et al., 1968). The studies of Rozengurt et al.,( 1969) on 

the FDP activation of the rat liver enzyme and those of Haeckel et al., 

(1968) on the yeast enzyme indicated that there was little change in 

the V but that there was a decrease in ^(PEP) of about one order 
max 0.5^ ' 

of magnitude. This suggests a conformational change of the K type 

as defined by ^bnod et al.,(1965). In the presence of FDP the 

homotropic PEP'co-operativity was abolished yielding a typical 
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Michaelis-Menten relationship. Binding of FDP has no effect on the 

binding of ADP, hyperbolic saturation kinetics, with similar K 
m 

values, were seen in both cases. 

The heterotropic effect of FDP on the binding of PEP is 

dependent on pH. At acid pH the fully activated form was always 

present, and hence greatest FDP activation was seen at alkaline pH 

(Rozengurt et al., 1969; Wiecker and Hess, 1971). A study of this 

variation as a function of pH suggested that an ionising group with 

a pK = 6.9 is involved in control of the liver enzyme (Rozengurt et 

al., 1969). Protonation of a group with pK = 5.35 is involved in the 

interconversion of the yeast enzyme (wieker and Hess, 1971). The 

difference in these pK's point to an important regulatory function of 

these groups in view of the fact that the metabolic processes occur 

in yeast at a lower pH to those in liver. Positive homotropic 

co-operativity was reported for the binding of the univalent ion at 

sub-optimal concentrations of PEP (de Asua et al., 1970; Haeckel et 

al., 1968). 

Most of these changes can be explained by the concerted model of 

Monod et al.,(l965), where there is a transition between two states 

of the enzyme with different affinities for the effectors, but some 

discrepancies to this model are shown by both the liver and the 

yeast enzymes. Thus, the allosteric control by PEP, FDP, ATP and 

alanine are not abolished by saturating with K"*" (de Asua et al., 1970; 

Rozengurt et al, ,1969), findings which can be accomodated by the 

"induced fit" model of Koshland and co-workers (l966). 

The nature of the sub-unit interactions occurring is unknown. 

It is not known whether all the sub-units present in the enzyme are 

identical. Studies indicate that the sub-units have similar 

molecular weights and amino acid analysis, but identity has not been 

proved. Fell and co-wdrkers (1972) studied the PEP interactions of 
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the allosteric yeast enzyme. They concluded that the affinity of the 

enzyme for PEP was increased in the presence of FDP and that there 

were no more than two binding sites for MnFDP and two sites for PEP 

in the presence of FDP. In the absence of FDP there were more than 

two sites for PEP. Since the enzyme is either a trimer or a tetramer 

there is the possibility that the regulatory and catalytic sites 

are on different sub-units. It is interesting to note the competition 

between PEP and FDP binding suggesting that the two share a common 

binding site. 

Although the type L enzyme has a lower K (ATP) than the type 

M enzyme the sensitivity of it to ATP inhibition is markedly decreased 

in the presence of FDP (Tanaka et al., 1967a). Llorente and co-workers 

(1970) observed strong allosteric inhibition by ATP, increasing the 

sigmoidicity of the PEP saturation curve and increasing the ^(PEP); 

effects fully counteracted by FDP. Like the liver enzyme the yeast 

enzyme is allosterically inhibited by ATP (Haeckel et al.,1968) but 

CTP, GTP, UTP, ITP, AMP and cAMP inhibit in a non-allosteric manner. 

Mg** increases the co-operativity and K (.(ATP) considerably (Haeckel 

et al., 1968). Similar effects have been found for the rabbit live? 

enzyme (Irving and Williams, 1973a). Increasing the Mg"*"*" relieves 

the ATP inhibition of the liver enzyme but not the rabbit type Mg 

enzyme. 

In addition to ATP, NADP, citrate and Ca"̂ "̂  inhibit the yeast 

enzyme in an allosteric manner (Haeckel et al., 1968). Schoner and 

co-workers (1970) and Seubert and co-workers(1968) searched for 

metabolites that exert a negative control on type L pyruvate kinase, 

Malate; citrate; fructose-6-phosphate; succinate; AMP; cAMP; crotonyl 

CoA; proponyl CoA; malonyl CoA; a,P dehydropalmityl CoA; fumarate; 

acetoacetate; lactate and pyruvate were without effect. The 

systematic search was extended to include the amino acids, and it was 
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found that only alanine inhibited in a concentration range likely 

to be found in physiological conditions (Seubert et al., 1968). 

This finding has been confirmed by Weber et al.,(l968) and 

Llorente et al.,(l970). The inhibition is stereospecific for 

L-alanine; the D- isomer and |3-alanine are without effect. Llorente 

and co-workers (l970) found that alanine acts in a similar way to 

ATP, in that it increases the homotropic interactions of PEP, and 

that the inhibition is reversed by FDP. The sensitivity of the 

enzyme towards ATP and alanine parallels the changes in sensitivity 

to FDP and depends on the pretreatment received by the enzyme 

(Llorente et al.,1970; Susor and Rutter, 1968). Thus at low 

temperatures the enzyme looses its sensitivity towards ATP, alanine, 

FDP, PEP, and protons. Preincubation at 38°C returns the allosteric 

interactions of all ligands. The allosteric nature of the enzyme 

seems to be intimately linked to this transition and points to 

antagonistic roles for the allosteric effectors in control of the 

enzyme. The effect of low temperature seems to be to 'freeze' 

the enzyme in the fully activated state, and not permit any site-site 

interactions. 

AcCoA and fatty acids are two other possible effectors of 

pyruvate kinase investigated. At one time it was thought that AcCoA 

inhibited the enzyme (Weber et al., 1967b), but later studies revealed 

that impurities in the AcCoA preparation were responsible for the 

inhibition (Seubert et al., 1968). Attempts to relate stimulation 

of gluconeogenesis by fatty acids with a direct inhibition of 

pyruvate kinase have been made (Weber et al., 1966; 1969; Lea et al., 

1967). The selective action of fatty acids on the key enzymes of 

glycolysis has been questioned by Pande and Mead (l968), after 

investigating the effects of long chain fatty acids on various enzymes. 

These authors concluded that fatty acids are unspecific inhibitors and 
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they suggest that detergent properties of the fatty acids cause 

their inhibitory action. There is one report that NADH inhibits 

pyruvate kinase after an initial stimulation (Weber et al., 1965a). 

No assay details were given and it is possible that this effect is 

a property of the assay used. 

The method by which the allosteric control of this enzyme is 

affected in the cell is not fully known. In yeasts there is an 

inverse, relationship between levels of PEP and FDP in vivo (Solomos, 

1970) indicating that the activity of the yeast pyruvate kinase 

may be modulated by FDP. There is doubt whether ATP or PDP vary 

sufficiently in liver cells to exert control (Purich and Promm, 1972; 

1973; Koster et al.,1972). Indeed in some cases a decreased ATP/ADP 

ratio is seen in conditions characterised by increased gluconeogenesis 

(Tarnowski and Seeman, 1967). The homeostasis of mammals limit 

variations of between very narrow limits, and cellular concentrations 

of K"*" are sufficient to saturate the enzyme. It is possible that the 

control is a balance of the opposing effects of alanine, PEP, FDP and 

ATP. From the studies of Llorente and co-workers (1970) and Schoner 

and co-workers (l970) the concentrations of alanine and ATP in the 

liver cells are sufficient to give a complete inhibition of the 

liver enzyme. Small changes in the FDP concentration could then 

modulate the pyruvate kinase activity by effectively reversing 

the negative control exerted by ATP and alanine. 

7) Studies on Invertebrate Pyruvate kinase 

Somero (1969) studied a partially purified pyruvate kinase from 

the leg muscle of the Alaskan King crab. He found that the enzyme 

exists in two kinetically distinct forms at different temperatures. 

Electrophoresis and isoelectrofocussing yielded only single activity 

peaks, suggesting that the two forms are related. The form favoured 
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by low temperature had hyperbolic PEP saturation kinetics, as 

opposed to the warm form which had sigmoidal kinetics. These changes 

mimic those found by Llorente and co-workers (l970) and Sussor and 

Rutter (1968) for the mammalian liver enzyme. The effect of FDP on 

this enzyme is unknown. 

No other pyruvate kinase has been studied in detail. Bailey and 

Walker (l968) compared the properties of the enzyme from the fat-body 

and flight-muscle of the desert locust, Schistocerca gregaria. At 

neutral pH the fat body enzyme was activated by FDP, whereas the 

muscle enzyme was unaffected. In other ways the enzymes were found to 

be similar to their mammalian counterparts; thus ATP inhibited both 

enzymes, with FDP relieving the inhibition of the fat body enzyme. 

Maximal stimulation by FDP was observed at high pH. Characteristics 

differentiating the insect and mammalian enzymes were found. Unlike 

the rat liver and muscle enzymes no loss of activity was tound on 

pre-incubation, there was even a slight stimulation of the flight 

muscle enzyme. At high pH (above pH 8.0) the locust flight muscle 

enzyme was stimulated by FDP. 

FDP activation of pyruvate kinase isolated from muscle has 

been observed for the enzyme from the marine bivalve, Mytilus edulis 

(the mussel) (Zwaan, 1972; Zwaan and Holwerdad, 1972) and from the 

bivalve Crassostrea gigas (oyster) (l^stafa and Hochachka, 1971). 

The M.edulis enzyme in muscle extracts showed homotropic co-operativity 

with respect to PEP, The actions of both PEP and FDP were dependent 

on pH. FDP stimulation increased on lowering the pH from 8.0 to 6.0, 

opposite to that cited for type L and yeast enzymes. The M. edulis 

enzyme was inhibited by alanine and by ATP, the inhibition by these 

ligands was countered by FDP, 

Mustafa and Hochachka (1971) studied a partially purified 

pyruvate kinase from oyster mantle tissue and adductor muscle. The 
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enzymes from both tissues were activated by FDP, which acted by 

lowering the ^(PEP). No homotropic interactions between PEP 

bindings was demonstrated for either enzyme, however. As with the 

M.edulis enzyme the C.gigas pyruvate kinases were stimulated 

maximally by FDP at acidic pH, and both C.gigas enzymes were inhibited 

by ATP, alanine and phenylalanine; effects which were effectively 

countered by FDP. Differences were found between the interactions 

of the inhibitors with the enzymes from the two C.gigas tissues. 
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Chapter 2. 

MATERIALS AND METHODS 

Animals 

Garcinus maenas (common shore crab) were collected from 

Southampton Water and kept at 10-12°C in an aquarium containing 

circulating sea water collected from the same source. 

Where the animals were to be acclimated prior to experimentation 

they were kept at 20°C in artificial sea water with constant aeration 

for 16 hours. The composition of the artificial sea water used is 

shown below; this has a chlorinity of 90% and a salinity of 34.33% 

(Taken from data of Barnes, 1954). 

Salt Amount 

NaCl 23.991g 

KCl 0.742g 

CaClg 1.1359 

MgClg 5.102g 

Na^SO^ 4.012g 

NaHCOg 0.197g 

NaBr 0.0859g 

SrClg o.orig 

HgBOg 0.027g 

Water to 11. 

50% sea water contained the above amounts of solutes in 21. of water. 

Chemicals 

PEP(tricyclohexylamine salt), ADP(disodium salt), ATP (tetrasodium 

salt), Glucose-1,6-diphosphate, Creatine phosphate and NADH were 

obtained from Boehringer Corp. (London) Ltd. FDP (tetrasodium salt), 

NADP, AcCoA, pyruvate, Trizma base, glycerol-l-phogphate (disodium salt), 

bovine serum albumin (cdhn fraction v), horse heart cytochrome^, 

sheep haemoglobin and EGTA were purchased from Sigma Chemical Co. 

Ltd. (London). Pharmacia supplied Blue Dextran 2000 and Sephadex 

14 

G 200. Na COg was obtained from the Radiochemical Centre, Amersham. 

All other chemicals were obtained from B.D.H. Ltd. (Poole) Dorset. 
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Enzymes 

The following were purchased from Sigma Chemical Co. 

Enzyme E.G. Number 

Myokinase 2.7.4.3 
(ATP:AMP phosphotransferase) 

Triose phosphate isomerase 5.3.1.1 
(D-glyceraldehyde-3-phosphate:ketol isomerase) 

Aldolase 4.1.2.7 
(FDP;D-glyceraldehyde-3-phoshate lyase) 

Glycerol-1-phoshate dehydrogenase 1.1.1.8 
(L-glycerol-3-phosphate; NAD oxidoreductase) 

Malate dehydrogenase 1.1.1.37 
(L-malate; NAD oxidoreductase) 

Urease 3.5.1.5 
(Urea amidohydrolase) 

Pyruvate kinase 2.7.1.40 
(ATP:pyruvate phosphotransferase) 

Hexokinase 2.7.1.1 
(ATP; D-hexose-6-phosphotransferase) 

Glucose-6-phosphatd dehydrogenase 1.1.1,49 
(D-glucose-6-phosphate:NAD? oxidoreductase) 

Ltd. (London). 

Source 

Pig muscle 

Rabbit Muscle 

Rabbit Muscle 

Rabbit Muscle 

Beef Heart 

Jack beans 

Rabbit Muscle 

Yeast 

Torula Yeast 

The following were purchased from Boehringer Corp. (London) Ltd. 

Enzyme E.C.Number Source 

Catalase 1.11.1.6 
(HpO^iHgOg oxidoreductase) 

Creatine Kinase 2.7.3.2 
(ATP;creatine phosphotransferase) 

Lactate Dehydrogenase 1.1.1.27 
(L-lactate:NAD oxidoreductase) 

Beef Liver 

Rabbit Muscle 

Pig Heart 

Centrifugation 

Bench centrifugation was performed in a MSE minor centrifuge 

fitted with a swing out rotor. Routine centrifugation was carried 

out using a MSE 18 refrigerated centrifuge using the following rotors 

8x50ml. (No. 69181), 6x250ml. (No. 69179) and 16x15ml (No. 69182). 

The RCF for these rotors given in the text is that quoted by MSE; 

High speed 

centrifugation was performed in either a MSE 40, MSE 50 or MSE 65 

preparative ultracentrifuge using one of the following rotors; 10x10ml. 

calculation showed that this is g ^ and not g 
mak av 
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angle titanium (No. 59592) or 10x10ml, angle aluminium (No. 2410). 

Enzyme Assays 

Pyruvate kinase was assayed by linking the formation of pyruvate 

to the lactate dehydrogenase reaction, and measuring the change in 

absorption at 340nm due to oxidation of NADH (Sucher and Pfleiderer, 

1955). The enzyme was routinely assayed by adding a sample (5-50p,l) 

to a final volume of 3ml. of reaction mixture at 25°C in a 10mm pathlength 

quartz cuvette. The reaction mixture comprised;- Tris-HCl (pH 7.4), 

25mM; KCl, 75mM; MgSO , 8mM; EGTA, ImM; PEP, SOOjlM; ADP, 230M.M; NADH, 

150|iM; and 16 units lactate dehydrogenase. NADH oxidation was followed 

at 340nm using a Pye-Unicam SP1800 UV spectrophotometer feeding a 

Pye-Unicam AR25 recorder. From the linear initial rate the activity 

of the enzyme was calculated. 

Reaction rates obtained in kinetic analyses were compared to the 

rate obtained when assayed under standard conditions. This allowed 

direct comparison of results since compensation for loss of enzyme 

activity was made. All the rates are expressed with respect to a 

constant amount of activity. In this standard kinetic assay the 

concentrations of PEP, ADP and FDP were SOOpM, 500|j,M and 500|iM, 

respectively; the other components were as in the standard assay. 

In order to obtain linear rates when low rates of NADH oxidation 

were occurring it was found that it was necessary to filter the final 

reaction mixture through a 0.45micron Millipore filter before adding 

the enzyme. This filtration removed small particles which caused 

transient perturbations in the light path and resulted in linear 

reaction rates. 

Kinetic studies on the purified enzyme were performed at 25°C 

using the linked assay and lactate dehydrogenase that had been dialysed 

against 25mM tris-HCl (pH 7.4). The low rates of NADH oxidation were 

measured by a Perkin-Elmer 356 dualwavelength, split beam spectro-



photometer operating in the split beam mode. Pyruvate product 

inhibition studies could not be performed using this linked assay and 

instead the direct spectrophotometric assay of Pon and Bondar (196?) 

was used. The assay mixture contained the same components as the 

standard assay, except that no NADH or lactate dehydrogenase was 

added. To 0.3 or 1.5ml of this assay mixture (in either a 1mm or 5mm 

pathlength cell, respectively), pre-warmed to 25°C, 5M,1 of enzyme was 

added to initiate the reaction and the reaction followed at 230nm. 

Experiments on the control of pyruvate kinase using a crude 

100,000g hepatopancreas homogenate exhibited a significant blank rate 

in the absence of PEP. This was subtracted from the rate measured 

after initiation with PEP. The reaction in these experiments was 

followed using the NADH linked assay and the decrease in absorption 

at 340nm monitored using the Perkin-Elmer 356. In later experiments 

dual wavelength spectrophotometry was used with a wavelength couple 

of 340;420nm. 

Glycerol-1-phosphate 

Product inhibition, and subsequent, studies were performed in 

the presence of the magnesium ion buffer, Glycerol-1-phosphate 

(Boyer, 1969). This served to replace the KCl as the source of 

The free Mg"̂"*" was buffered at 8mM by having the final concentrations 

of Kg Glycerol-1-phosphate and MgSO^ as 50mM and 24.7mM, respectively. 

Pyruvate Carboxylase Assay (a) Spectrophotometric Assay 

Pyruvate carboxylase was assayed spectrophotometrically by the 

method of Scrutton and co-workers ( 1969). The final substrate 

concentrations were lOOmM tris-HCl (pH 7.8); lOmM pyruvate (pH 6.8); 

ImM ATP; 5mM MgSO^j 20mM NaHCO^; 50mM KCl; 100|j,M AcCoA; 10 units 

malate dehydrogenase and 150|aM NADH. The reaction, conducted at 25°C, 

was initiated by Mĝ "̂  and the progress monitored by measuring the 

decrease in absorbance at 340nm. A blank rate, measured in the absence 
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of due to lactate dehydrogenase and other NADH oxidases, was 

allowed for in calculating the rate due to pyruvate carboxylase. The 

blank rate was of the order of 5% of the pyruvate carboxylase activity. 

(b) Radiometric Assay 

The radiometric assay was based on the incorporation of H^^CO" 

into non-volatile substances. In order to extend the linearity of the 

reaction the ADP produced was recycled to ATP using pyruvate kinase; 

this also served to regenerate pyruvate. Malate dehydrogenase and 

NADH were included to improve the incorporation. 2ml. of the assay 

mixture (containing tris-HCl (pH 7.8), lOOmM; lOmM tris-pyruvate 

(pH 6.8); ImM ATP; 5mM MgSO^; 50mM KCl; 20mM NaHCO^ -containing lOpCi 

NaH^^COg-; 100|iM AcCoA; 2mM PEP; 150|iM NADH; 10 units pyruvate kinase 

and 10 units malate dehydrogenase) was brought to 25°C and the reaction 

initiated by adding enzyme. 250^1 aliquots were taken with respect 

to time and added to an equal volume of 10% trichloroacetic acid. 

An isotope blank was used to determine the amount of non-volatile 

14 

material in the NaHCO^. Excess CO^ was removed from the acidified 

samples by bubbling CO^ for 5 minutes. The precipitated protein was 

removed by centrifugation (MSE minor) and 250|J,1 samples of the 

supernatant added to 15 ml butyl PBD-toluene scintilant (8g butyl PBD/ 

litre toluene) containing 5ml methanol. The samples were counted in 

a Philips liquid scintilation counter, this counter allowed for 

quenching and calculated the results as dpm. 

Succinic Dehydrogenase Assay 

A manometric assay was used to estimate succinate dehydrogenase. 

Oxygen uptake was measured by constant volume manometry following the 

methods laid out in Umbreit et al., (1957). Flasks with a capacity of 

19-21ml. were used containing 1.5ml. 0.2M phosphate buffer (pH 7.4), 

0.1ml. of 0. 3M potassium succinate (pH 7.4), 30|il of lOOmM NaCN 

and 10|j,g rotenone in the main comparment. Enzyme and water were added 

to this assay mixture to give a final volume of 2.9ml. The side arm 
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contained 0.1ml. 30mM phenazine metho-sulphate. The manometers 

were equilibrated at 25°C for 10 minutes and set for oxygen uptake 

with air as the gaseous phase. The flasks were tipped and oxygen 

uptake measured with respect to time. 

Urease Assay 

Urease, present in the Sephadex G-200 eluate, was estimated by 

incubating 1ml of this eluate with 3ml of a 3% urea solution at 20°C 

for 10 minutes. The reaction was stopped by adding 1ml IN HCl. 1ml 

of Nessler's reagent was added and the volume made to 10ml with 

water. The absbrbance at 600nm was measured after maximal colour 

development. 

Cytochrome^ Assay 

Cytochrome^ was estimated in the Sephadex G-200 eluate by adding 

0.1ml 1% ascorbic acid to 2.9 ml of the eluate and measuring the 

absorbance at 550nm. 

Lactate Dehydrogenase Assay 

Lactate dehydrogenase was assayed by measuring the decrease in 

absorbance at 340nm due to oxidation of NADH. The assay mixture (final 

volume 3 ml) contained 25mM tris-HCl (pH 7.4); 150p,M NADH and ImM 

sodium pyruvate. To this aliqots of the Sephadex G-200 eluate 

were added. 

Creatine Kinase 

Creatine kinase in the Sephadex G-200 eluate was located by measuring 

the absorbance of the eluate at 280nm. 

Blue Dextran 2000 

Blue Dextran 2000 was estimated by measuring the absorbance at 625nm. 

Substrate Assays 

ADP and PEP were assayed by the linked pyruvate kinase-lactate 

dehydrogenase assay in the presence of a large excess of pyruvate kinase 

(10 units). When AMP was assayed excess ATP (imM) was added; any ADP 
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present converted to ATP by adding pyruvate kinase and the AMP assayed 

by adding 10 units myokinase. In this reaction 2 moles ADP are formed 

from 1 mole AMP and these are assayed in the linked assay already 

described. 

The hexokinase and glucose-6-phosphate dehydrogenase reactions 

were used to assay ATP, A sample of ATP (containing 100-200nmoles) 

was added to the assay mixture, final volume 3ml. i The assay mixture 

contained 1.7mM glucose; 150(j,M NADP; 8mM MgSO^; 25mM tris-HCl (pH 7.4); 

10 units hexokinase and 10 units glucose-6-phosphate dehydrogenase. 

The amount of ATP added was estimated from the increase in optical 

density at 340nM; the reactions having a 1:1 stoichiometry. 

FDP was assayed by linking the FDP aldolase, triose phosphate 

isomerase and glycerol-1-phosphate dehydrogenase reactions to the 

oxidation of NADH. In this reaction one mole FDP is linked to the 

oxidation of 2 moles NADH (Bergmeyer, 1963). 

Glucose-1,6-diphophate was hydrolysed to glucose-6-phosphate 

o 

by holding it at 100 C for 10 minutes in 0.IN HCl. The glucose-6-

phosphate was assayed by the glucose-6-phosphate dehydrogenase 

reaction (Passoneau et al., 1969). 

Estimation of Amounts of Substrates in Hepatopancreas 

The hepatopancreas from intermoult male C. maenas with carapace 

widths of 4-6cm. were used. The tissue from the dorsal lobes of the 

hepatopancreas were quickly excised and dropped into liquid nitrogen, 

the whole operation taking 15 to 30 seconds. Subsequent operations 

depended on the estimation required. 

a) Adenine nucleotides, PEP and pyruvate 

The cryogenic tissue was pulverised in a pestle and mortar that 

had previously been brought to liquid nitrogen temperature. A known 

amount of this pulverised tissue was taken and homogenised with 4ml 

ice-cold TCA (5%) in a MSE blender. The precipitate was removed by 
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centrifugation (MSE minor) and the TCA in the supernatant removed 

by extracting it into 5ml of ice-cold petroleum ether (60-80° boiling 

range). This extraction was repeated another four times . The TCA 

free aqueous layer was adjusted to pH 6.5 using IN NH^OH and the 

solution centrifuged at 17,000g for 30 minutes (MSE 18, 16x15ml head, 

0-2°G). This supernatant was assayed for ATP, ADP and AMP or pyruvate 

and PEP after measuring its final volume. Control experiments showed 

that of the ATP, ADP and AMP added to a homogenate 118%, 102% and 

115%, respectively, were recovered. PEP had an average recovery of 

100%. No corrections were made, therefore, to the measured levels of 

these metabolites, 

b) FDP and Glucose-1,6-diphosphate 

The hepatopancreas from six animals (male intermoult crabs with 

a carapace width of 4-6cm) were dropped into liquid nitrogen. The 

pooled cryogenic tissue was pulverised, weighed, and then homogenised 

into 60ml of 6% perchloric acid using a MSE blender. The precipitate 

was removed by centrifugation (l7,000g for 5 minutes in a MSE 18 

fitted with a 16x15ml head at 0-2°0) and the supernatant adjusted 

to pH 7.4 using ION KOH. After stirring for 10 minutes the precipitated 

KgClO^ was removed by centrifugation (l8,000g for 5 minutes as before). 

This supernatant was reduced in volume by freeze drying. The 

concentrated tissue extract was assayed for FDP using the linked assay 

previously described. The same extract was used to estimate glucose-

1,6-diphosphate . First any glucose-6-phosphate was removed from the 

extract by diluting the tissue extract 1:3 in 50mM tris-HCl (pH 7.4). 

Excess NADP (final concentration 200(lM) and glucose-6-phosphate 

dehydrogenase (5 units) were added and the reaction followed at 340nm 

until all the glucose-6-phosphate had been consumed. The extract was 

made 0.IN in HCl (pH 1,0) and hydrolysed at 100°C for 10 minutes. 

This solution was neutralised with IN NH^OH and assayed for glucose-6-
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phosphate as previously described, 

c) Alanine and the Amino Acids 

A known amount of cryogenic tissue (c. lOOmg) was taken and 

homogenised into 10ml of ice-cold 90% ethanol, containing 2.2|imoles 

norleucine internal standard, using a glass homogeniser. The pestle 

and sieve were washed quantitatively with 4 x 10ml samples of 90% 

ethanol and added to the first ethanol sample. The samples were stood 

on ice for 30 minutes to allow complete protein precipitation, after 

which the solution was centrifuged at 25,000g for 15 minutes(MSE 18 

16x15 ml head). The supernatant was collected and evaporated to 

dryness in vacuo. The residue was dissolved in 5ml 0.2M HCl. An 

aliquot of this (equivalent to lOmg tissue) was diluted to a final 

volume of 2.5ml with 0.2M HCl and cleared of any particles by 

centrifuging at 100,000g for 30minUtes. 1ml samples of this were 

added to the basic and physiologies columns of a Joel JLC-5AH automatic 

amino acid analyser. The amounts of the amino acids present were 

calculated by reference to the internal norleucine peak and the known 

colour yield of the amino acids when reacted with ninhydrin. It is 

assumed that the recovery of the amino acids is the same as that for 

the norleucine. 

Protein Determination 

Protein was determined by either the Biuret method (Colowick and 

Kaplan, 1957) or by the method of Lowry and co-workers (l95l). The 

standard in both cases being BSA (Cohn fraction V). 

Biuret Method 

1.5g cupric sulphate (CuSO^. SH^O) and 6g sodium potassium 

tartrate were dissolved in about 500ml distilled water and 300ml 10% 

NaOH were added and the whole made to 11. with water. 1% KI was added 

to this solution to improve the shelf life of the reagent. 1-5mg 

of protein in 1ml solution was added to 4 ml of this biuret reagent. 
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Thi'j wai left at room temperature for 30 minutes and then read in 10mm 

pathlength cells at 540nm. From the standard curve of optical density 

against BSA concentration it was found that Img protein yields an 

optical density of 0.063. 

Thiols and EDTA interfere with this reaction. When they were 

present the protein was precipitated by adding an equal volume of 10% 

TCA to the protein solution. The protein precipitate was separated 

by centrifugation (MSE minor) and 4ml biuret reagent and 0.9ml water 

were added and assayed as usual. If large quantities of lipid were 

present they were removed by extracting the TCA protein precipitate 

with ethanol:ether (50:50) several times. The final de-lipidated 

pellet was worked up as above. 

Lowry Method 

A) 2% Na^COG in 0.1N NaOH 

B^) 1% CUSO .5HGO 

Bg) 2% sodium potassium tartrate 

C) Mix 50ml A, 0.5ml B^ and 0.5ml B^. Discard after 1 day 

D) Folin-Ciocalteau reagent 

Up to 200|il of a sample containing 5-100p,g protein was added to 1ml C 

in a test-tube. This was mixed well and left standing for at least 

10 minutes at room temperature. 0.1ml of D was added rapidly with 

mixing and left a further 30 minutes. The colour developed was read 

at 750nm for the range 5-25|ig protein and at 500nm for the range 25-

100p,g protein. The protein concentration was calculated by comparison 

to a standard curve containing BSA. 

Glycerol was found to give a colour reaction in the Lowry 

reaction, but a linfear standard curve was obtained when BSA in 33% v/v 

glycerol was used as the primary standard. 

Column effluents were monitored for protein and nucleic acid by 

measuring the absorbance at 280 and 260nm (Warburg and Christian, 1941). 
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Phosphate Estimation 

Inorganic phosphate was estimated using Sumners method (Sumner, 

1 9 4 4 ) . This was routinely used after dialysis to ensure that a 

sufficiently low phosphate concentration hag) been achieved to allow 

ion-exchange. The amount of phosphate was calculated by comparing 

the absorbance with that obtained when KH^PO^ was used as the primary 

standard. 

An alternative method of phosphate determination used was that 

of Barenblaum and Chain, (l938). This method was used when 

K glycerol-1-phoshate was estimated as the oxidised phosphomolybdate 

complex is extracted into iso-butanol leaving the strongly oxidising 

perchloric acid, used to hydrolyse the sample, in the aqueous phase. 

The reduction to molybdenum blue is then unimpeded. 

Expression and Calculation of Results 

3 

NADH was assumed to have an extinction coefficient of 6.22 x 10 

M~^cm~\ This figure was used to calculate the number of pmoles 

substrate consumed either overall ( in substrate estimations) or as a 

rate ( in enzyme assays). One unit of enzyme is defined as that 

amount which converts one (imole of substrate to product per minute. 

Specific activity is the number of units of enzyme per mg protein. 

In the direct spectrophotometric assay of Pon and Bondar (1967) 

the difference in extinction coefficients of PEP and pyruvate at 230nm 
3 -1 -1 

was taken to be 2.30 x 10 M cm . 

All percentage solutions are expressed on a volume for volume 

basis (% v/v). When one solution of S^% v/v was increased to 3^% v/v 

the amount of 100% solute added was calculated using the equation 

V = Vol (Sg-S^) 

100 - s 

where v was the volume of solute added and Vol was the volume of solution 

S^% v/v. 
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In kinetic studies the Lineweaver-Burkeplots (Lineweaver and 

Burke, 1934) were subjected to linear regression analysis. A 

Hewlett-Packard series 9800 electronic calculator feeding an x-y 

plotter was used for this analysis. All points were determined in 

duplicate and the average used to calculate the regression line. 

Preparation of Buffers 

In all cases buffers were adjusted to their final pH at the 

temperature at which that solution was to be used (normally 2°C or 

25°C). This was found to be important for tris buffers which 

have a large temperature coefficient. All pH measurements were 

made on either an E.I.L. pH meter or on a Pye-Unicam meter. 

Phosphate buffers were prepared by mixing equimolar solutions 

of KgHPO^ and KH^PO^ to the desired pH. Tris buffers were made by 

adjusting a solution of Trizma base to the desired pH by addition of 

acid, usually HCl. All buffers used in the preparation of C.maenas 

pyruvate kinase contained 33% v/v glycerol in aqueous solution. The 

buffer salts were dissolved in 33% v/v glycerol and these mixed to 

the final pH. 

General Comments on Preparation of Columns 

The columns were constructed to minimise the dead volume of the 

column. The coarse glass sinter was cleaned by soaking in nitric acid, 

followed by back flushing with water to remove trapped particles. To 

prevent blockage of the scinter a microgranular cellulose powder pad 

was placed on to the scinter. This had a thickness approximately 

equal to the scinter itself (c.3mm) The column was prepared by 

carefully pouring the column material, as a slurry, into the column* 

half filled with equilibrating buffer, without disturbing the pad. The 

DEAE and calcium phosphate columns were packed with a pressure head 

of c. 30cm water. After cooling to 2°C the viscosity of the aqueous 

glycerol buffer necessitated pumping with a Hy-FLo pump(Medcalf Bros. 

Potters Bar, Herts.) to achieve a suitable flow rate. Flow rates of 
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about 30-50ml per hour were obtained with a 2.5cm diameter column. 

The Sephadex G-200 column, used in molecular weight studies, 

was prepared in a similar manner. The column was packed using a 

head of pressure of only 10cm water. This was increased to 50cm 

when the bed volume was stabilised and when an analytical run was 

in progress. On downward elution a flow rate of 10ml per hour was 

obtained. 

Fractions were collected on a Gilson automatic fraction collector 

with short lengths of narrow gauge Portex tubing linking the column 

to the collector. The apparatus was arranged so as to minimise the 

dead-space. 

Pretreatment of Ion-Exchange Materials 

DEAE cellulose (DE 32) was precycled by stirring with at least 

15 volumes of 0.5N HCl for 30 minutes. The cellulose was separated 

by filtering on a Buchner funnel, and washed to neutrality with 

distilled water. The DE 32 was resuspended in 15 volumes 0. 5N NaOH 

and stirred for a further 30 minutes. The alkali was removed by 

filtration and the solid washed to neutrality once more. The DE 32 

was re-suspended in a large volume of concentrated buffer (c.200mM) 

of the same nature and pH as that in which the material was to be 

equilibrated. The supernatant was decanted and replaced with a fresh 

batch of buffer until the desired pH was attained. The concentrated 

buffer was replaced with the equilibrating buffer by repeated 

decantations. The colujnn was poured as a slurry of the DE 32 in 

equilibrating buffer. Once packed several void volumes of degassed 

equilibrating buffer were passed through the column to settle the 

bed height and to ensure complete equilibration. 

After use the ion—exchanger was recycled by passing the acid 

and alkali through the column. The material was equilibrated 

and then unpacked and defined. The material could then be used 
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to repack the column as outlined above. 

Dowex 50-W X 8 resin was precycled in a similar manner to the 

DfC 32 with the substitution of 2N HCl and 2N NaOH for the 0. 5N acid 

and base used there. The precycled resin was extensively washed and 

equilibrated in distilled water. The column was packed in distilled 

water prior to addition of the Na^ glycerol-1-phosphate. 

Preparation of Calcium Phosphate Gel 

Two methods of preparing calcium phosphate gel were used. One 

produces a very finely dispersed gel which has a very high surface 

area/volume ratio making it very suitable for batchwise processes. 

The second method produces a much coarser, flocculent gel which when 

treated with care produces columns with a very good flow rate. 

Method One 

450g of sucrose was dissolved in 21 water and 75g CaO was added. 

The suspension was agitated periodically for several hours until 

most solid had dissolved. Concentrated H^PO^ (c. I8ml) was added 

dropwise with stirring, over the course of one hour, to 800ml of the 

calcium sucrate chilled to 5°C. When the pH had dropped to 9.5 

addition of acid was ceased and the calcium phoshate stirred for 4 

hours. The gel was washed several times with distilled water. The 

product, a finely divided gel, was stored as a suspension in water 

at a concentration of 50mg/ml. 

To prepare a column from this gel,cellulose powder was added 

to act as a filter aid. To 4g of the gel (ie 80ml of the 50mg/ml 

stock suspension) 250ml of a suspension of CF 11 cellulose powder 

(10% defined CF 11 in distilled water) was added. This was 

stirred thoroughly to ensure complete mixing. After settling the 

clear liquid was removed and sufficient glycerol added to the packed 

material to bring it to 33% v/v. The column was packed in 200mM 

phosphate (pH 6,o) 33% v/v glycerol and equilibrated with lOmM phosphate 



53 

(pn 6.0),33% v/v glycerol,buffer. Once packed several void volumes 

of degassed equilibrating buffer were passed to stabilise the bed 

volume. 

Method Two 

40ml of 0.5M Na^HPO^ was taken and 200ml 0.5M CaCl^ and 200ml 

0.5M Na^HPO^ were added simultaneously, dropwise, whilst stirring 

gently. When all the solutions had been added the gel was allowed 

to settle, and was washed in 4 changes of distilled water to remove 

excess phosphate and NaCl. The gel was treated very gently to 

minimise formation of fines from the fragile gel particles. The gel 

was defined and equilibrated in lOmM phosphate, 33% v/v glycerol, 

pH 6.0. The column was poured, and the bed volume settled by passing 

several void volumes of degassed equilibrating buffer. 

Preparation of K^Glycerol-1-phosphate 

5g of Nag glycerol-1-phosphate was dissolved in 10ml distilled 

water and passed over a Dowex 50-W X 8 column (H*form,1.5 x 16cm) 

equilibrated with distilled water. The elution of the free acid 

was monitored by measuring the optical density at 200nm and by 

measuring the pH. Fractions containing the free acid were pooled; 

at this stage no free Na"*" was detected in a flame test. The pooled 

fractions were adjusted to pH 8.0 with ION KOH, allowing for the 

second pK of the phosphate group. 
a 

The concentration of the K^glycerol-I-phosphate was determined 

by hydrolysing the phoshate group and estimating it by the method of 

Barenblaum and Chain (l938) as described. The phosphate was hydrolysed 

by adding 10|J,1 of the neutralised solution to 0.5ml ashing fluid 

(3 vols HgSO^, 2 vols 60% perchloric acid) containing 50|il 5% ammonium 

mo]ybdate. The was heated carefully on a microburner for 5 minutes. 

After cooling the hydrolysate was made to 10ml with water and samples 

of this (0.5-1ml) were taken and assayed for phosphate. 
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Deionisation of Protein Samples 

Method 1 - Mixed Resin Technique 

The protein obtained from the early stages of purification was 

deionised by adding a mixed ion-exchange resin. The resin used 

contained equal weights of De-Acidite FF (SRA 69) and ZeoKarb 225 

(SRC 21). Trial experiments, in the absence of protein, showed that 

9g of the mixed resins (wet weight) reduced the concentration of 

phosphate (50ml of 200mM) to lOmM. Concomitant with the deionisation 

there was a fall in pH, subsequently used to monitor the deionisation. 

In practice the protein solution to be deionised was stirred 

constantly on a magnetic stirrer, whilst the pH was monitored. The 

mixed bed resin was added in small amounts, the slow fall in pH being 

noted. After the pH had fallen by one pH unit addition of resin was 

discontinued and the resin separated from the solution by pouring 

through 4 thickness of surgical gauze, avoiding formation of a very 

shallow column of resin. The resin was washed with a small volume of 

the equilibrating buffer and this was added to the protein solution. 

Later experiments at lower protein concentrations (eg. after the 

calcium phosphate column in Method B) showed that the limits between 

effective deionisation and loss of activity by adsorption to the resin 

was small. This method, therefore, was abandoned in favour of the 

more time consuming dialysis procedure. 

Method 2 - Continuous Flow Dialysis 

Enzyme stability dictated a method which was both fast and used 

a minimal volume of buffer. To fulfil these aims an apparatus was 

constructed in which the dialysis sac was suspended within a close 

fitting outer sieve. Buffer was passed down the narrow space between 

the outer sieve and the sac continously, resulting in a small volume 

of buffer being in contact with sac at any time. The continuous 

introduction of fresh buffer ensured that the process was more efficient 



55 

than normal dialysis. As a result dialysis proceeded more rapidly. 

However, because of the reduced diffusion of ions in aqueous glycerol 

at 2°C it was found that at least 21. of buffer was required to pass 

over the sac over a 24 hour period, to reduce the concentration of 

50ml of 150mM phosphate buffer to 15mM, 

All dialysis tubing was boiled in distilled water for 30 minutes, 

with one change of water, to remove impurities. The tubing was 

stored in ImM EDTA prior to use. 

Polyaery1amide Gel Electrophoresis 

Polyacrylamide disc electrophoresis was performed using a 

Shandon (Southern) Instraments apparatus. The polyacylamide was 

polymerised situ in precision bore perspex running tubes (0.6 x 6. 5 

cm). A continuous buffer system was used. 

Solutions 

Electrode Buffer tris 30g 

glycine 144g 

water to 51 

This was diluted 2:5 with distilled water for used in the electrode 

compartments. 

Acrylamide solution Acrylarhide 22.2g 

NN' Methylene bis acrylamide 0.6g 

water to 100ml 

Ammonium persulphate 15mg/ml. 

The acrylamide was recrystallised from chloroform and the bis from 

acetone to remove impurities that interferewith polymerisation. 

The recrystallised materials were dried in a stream of air until 

solvent could no longer be smelt. 

The gels used in the experiments reported in this thesis contained 

10% acrylamide and were made by mixing the following components; 

1.8 ml acrylamide/bis; 0.5ml electrode buffer; 1.5ml water; 0.2ml 

ammonium persulphate and 5|il NNM'N'tetrajjethylethylene diamine in that 
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order. The mixed solution was rapidly transferred to the running 

tubes for polymerisation to occur. To ensure a flat interface with 

the upper electrode buffer a few drops of water were carefully layered 

over the acrylamide solution. Polymerisation was completed within 

twenty minutes using these amounts of initiators; de-aeration was not 

required. In 5% gels half the amount of acrylamide/bis solution was 

taken and the volume made up with water. 

In experiments involving recovery of active enzyme from the gels 

the electrophoresis was conducted at 2°C after the apparatus, gels 

and running buffers had pre-cooled to this temperature. When active 

enzyme was not recovered the gels were run at room temperature. Up to 

50|il of the enzyme solution, in glycerol, was added to each gel. It 

was found that a large pore gel could be dispensed with as the glycerol 

performed the same function as the large pore gel in minimising 

diffusion of the protein. The protein was stacked at the buffer/gel 

interface. The proteins were separated at a constant current of 

2mamps/gel for 2 hours, with the anode on the lower compartment. In 

this time the tracking dye, bromophenol blue, passed off the bottom 

of the gel but no protein was lost as shown in control gels run for 

shorter lengths of time. 

After electrophoresis protein in the gel was visualised by 

staining overnight in a solution of 0.3% coomasie brilliant blue in 

1% acetic acid. Excess stain was removed electrophoretically in a 

Shandon transverse gel destainer. Cleared gels were stored in 7% 

acetic acid. The protein peaks were scanned at 265nm using a Joyce-

Lobel UV gel scanner to yield a densitometer trace of distribution 

of protein along the length of the gel, 

A duplicate gel was used to obtained the distribution of enzyme 

activity along the gel. This unstained gel was cut transversely into 

2mm slices, after chilling on solid COg. Each slice was transferred 
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to 0.1ml 30mM phosphate buffer (pH 7.4), 33% v/v glycerol, and the 

activity eluted for one hour at 2°C with intermitant agitation. The 

fractions were assayed for enzyme activity in the standard assay 

supplemented with 500p,M FDP. The distribution of activity and protein 

were then compared. 

SDS Electophoresis in Polyacrylamide Gels 

The 10% gel system of Weber and Osborn (l969) was employed to 

determine the sub-unit molecular weights. The standard proteins were 

dissociated by incubating for 3 hours at 37°C in lOmM phosphate buffer 

(pH 7.0) containing 0.1% SDS and .0.1% (3-mercaptoethanol. The dissociated 

proteins were brought to 5% v/v glycerol and a small amount of the 

tracking dye, bromophenol blue, added. Up to 100|ig of protein ( in up 

to 50^1) was layered on each gel. These were run for about 4 hours 

at 8mamp/gel. After electrophoresis the protein bands were stained 

and destained as described above. The mobility of the protein bands 

were calculated with respect to the tracking dye. Since shrinkage 

and swelling occurred during the staining and destaining processes 

this was allowed for thus; 

Mobility = dist. protein migration x length gel initially 
dist. protein migration length gel finally 

C. maenas pyruvate kinase was dissociated for varying lengths 

of time in lOmM phosphate (pH 7.0) containing SDS and (3-mercaptoethanol 

as indicated in the text 

Discontinuous SDS Electrophoresis 

The discontinuous buffer system of Neville (l97l) was used with 

the following gel system. The large pore gel was 3.2 x 6,25 (ie. total 

weight monomer and crosslinker/lOOml x % bis v/v) whilst the small 

pore gel used was 11.1 x 0.9. The lower gel buffer used gave a 

running pH of 9.50. Gels were stained, destained and mobility calculated 

as above. 
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G-200 Gel Filtration 

Sephadex G-200 was swollen in glass distilled water by stirring 

for three days. A column with a settled bed height of 2.5 x 52cm was 

poured and equilibrated with 50mM tris-HCl (pH 7.4) and used to 

determine molecular weight following the method of Andrews (1964). 

The void volume of the column was estimated using Blue Dextran 2000. 

It was found that once a column had settled no variation in void 

volume occurred. The calculation of the partition coefficients, 

and K^, which are independent of the bed volume was, therefore, 

unnecessary. 

It was found that Blue Dextran bound lactate dehydrogenase 

and pyruvate kinase and that protein-protein interactions occurred 

altering the elution volumes of the standard proteins. The column 

was standardised, therefore, by passing each protein over the column 

individually and measuring its elution volume. 

Preparation of C. maenas Mitochondria 

All operations were carried out at 0-2°C. 

The hepatopancreas from two dozen animals were quickly excised and 

chilled in ice-cold 0.25M sucrose (containing 3mM tris, ImM EDTA 

pH 7.4). The drained tissue was added to 150ml of 0.25M sucrose-tris-

EDTA buffer and homogenised in a pestle-type homogeniser with an 

overhead motor unit (TriR Stirrer, New York). The homogenate was 

centrifuged at 700g for 10 minutes (MSE 18, 8x50ml head) to remove 

intact tissue, cells and nuclei. The supernatant was carefully 

decanted and centrifuged at 10,000g (MSE 18, 8x50ml head) for 7 minutes. 

The supernatant was discarded and the lipid adhering to the walls 

of the tube removed with tissue paper. The buff coloured mitochondria 

were washed from the dark pigment layer in the pellet by gentle use 

of a pasteur pipette. The mitochondria were resuspended in 

0.25M sucrose-tris-EDTA (100ml) to remove soluble proteins, and 

subsequently harvested by centrifuging at 10,000g,for 7 minutes. 
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This washing was repeated two more times and the final mitochondrial 

pellet resuspended in a small volume of sucrose buffer. 

Preparation of Pyruvate Carboxylase 

Pyruvate carboxylase was extracted from the mitochondria by 

sonication. The final mitochondrial pellet obtained after three 

sucrose washings was resuspended in 10ml of 50mM tris-acetate buffer 

(pH 6.5) containing 5mM MgSO^ and 5mM ATP. The mitochondrial 

suspension was sonicated (MSE sonicator) for two 30 second periods 

allowing time for the probe and suspension to cool to ice-temperature 

before sonicating for the second period. The sonicated extract was 

readjusted to pH 7.2 with tris base and centrifuged at 100,000g (MSE 65) 

for one hour. The pyruvate carboxylase in this extract was unstable 

but addition of glycerol to a final concentration of 33% v/v was 

found to effect significant stabilisation (Scrutton et al., 1969). 

Preparation of Acetone Powder 

The hepatopancreas from 100-200 crabs were excised and put into 

ice-cold 0. 5M NaCl. The tissue was drained of excess saline and 

homogenised for two minutes in acetone (at -10°C) using a top drive 

macerator. The precipitate was separated by filtration on a Buchner 

funnel and extracted with acetone, as above, another twice. The 

compacted acetone powder obtained after filtration was separated with 

a spatula to yield a very light buff coloured powder. The acetone 

remaining in the powder was removed by drawing a stream of air through 

the funnel. When the powder was dry it was stored i^ vacuo at -20°C, 

over silica gel, until needed. Under these conditions the enzyme 

proved to be stable for at least three months. The yield from 200 

crabs was 30-40g acetone powder containing 2000-2500 units of 

pyruvate kinase. 

Preparation of 100,000g Hepatopancreas Supernatant 

The hepatopancreas from one animal was excised and cooled in 10ml 
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ice-cold 67niM tris-HCl, 0.67mM EDTA, ImM (3-mercaptoethanol buffer. 

The tissue was homogenised using a pestle-type homogeniser using a 

top drive motor unit. The homogenate was centrifuged at 100,OOOg 

for one hour at 2 C (MSE 50 or 55). When centrifugation was complete 

the tube contained a pellet, supernatant and an upper lipid layer. 

Part of the 100,OOOg supernatant was taken in one action,leaving the 

lipid behind, using a pasteur pipette. The lipid adhering to the sides 

of the pipette was removed and the supernatant collected. The process 

was repeated for the second tube. The pooled 100,OOOg supernatants 

were used as the enzyme source. 
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Chapter 3 

ENZYME PURIFICATION AND MISCELLANEOUS PROPERTIES 

Pyruvate kinase from invertebrate sources has not been studied 

in any great depth, Sbmero (l969) studied a partially purified enzyme 

from the leg muscle of the Alaskan King crab, the only crustacean 

enzyme to be systematically investigated. This enzyme exists in two 

kinetically distinct forms at different temperatures and evidence is 

presented which suggests that the two forms are related. One of these 

forms showed homotropic co-operativity with respect to PEP, but the 

effect of FDP on this enzyme was not studied. 

The substrate co-operativity shown by this enzyme is similar to 

that of the rat liver enzyme (Tanaka et al., 1967a), and not the 

rabbit muscle enzyme (Reynard et al., 1961). This difference in the 

two muscle enzymes may be the result of underlying differences in the 

intermediate metabolism of the two tissues. Allosteric mammalian 

type L enzyme is found in gluconeogenic tissue and it has been argued 

that this enzyme type is involved in the control of the two opposing 

pathways; glycolysis and gluconeogenesis (Taylor and Bailey,196?). 

The only crustacean tissue directly demonstrated to be capable of 

gluconeogenesis is C.maenas gill (Thabrew et al., 1971). Incorporation 

of activity from labelled acetate and pyruvate into glycogen, and the 

appearance of labelled glucose in autoradiograms, however, infer that 

C.maenas hepatopancreas is capable of gluconeogenesis (Toghrol, 1969). 

It was of interest, therefore, to study the properties of pyruvate 

kinaoe from C.maenas hepatopancreas. Comparison of the properties of 

the cnzyme(s) from this tissue with those of the mammalian enzyme types 

could help to give an understanding of the possible control of glycolysis 

in crustaceans. Hepatopancreas was chosen as it is a tissue in great 

abundance in the animal, and hence gives a large amount of starting 

material. Furthermore, experiment showed a greater amount of enzyme in 
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hepatopancreas than in gill, with a concomitant increase in specific 

activity (0.123 and 0.037 units/mg respectively). 

1) Enzyme Purification 

Purification of the enzyme was undertaken because the occurrence 

of the type L and M enzymes in hepatopancreas was not known. The 

possibility that more than one was present in a crude extract would 

severly limit the conclusions that could be made. 

Experiments indicated that the enzyme was stable to acetone 

powder production. In preparing this considerable amounts of lipid 

were removed, facilitating later steps. Furthermore, owing to the 

limited availability of tissue, and the time involved in removing it 

from the animals, an acetone' powder proved a convenient form of 

storing starting material. The acetone powder was prepared when 

animals became available, and used when sufficient had been collected. 

On occasion acetone powder that had been stored in a deep freeze for 

three months was used without any noticible decrease in the specific 

activity of the initial extract. 

Pilot experiments indicated that some techniques could not be used 

on this enzyme. Heat treatment (60°C for 5 min) resulted in total 

loss of enzyme activity, whilst variable activity recovery from 

ammonium sulphate precipitates was found to be due to instability of 

the enzyme. The enzyme was not stabilised by addition of either 

EDTA or dithiothreitol in the presence or absence of products or 

substrates (table l). Glycerol (33% v/v), however, was found to 

stabilise the enzyme. In the absence of glycerol 9% of the original 

activity remained after 18 hours; this figure was increase to 89% 

by addition of 33% v/v glycerol. A time course of this decay revealed 

a rapid initial loss of activity, which plateaued after about 10 hours; 

80-90% of the original activity remaining. Thereafter, the enzyme 

slowly lost activity. Fig 2 shows the results from two separate 
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experiments combined to indicate the effectiveness of glycerol in 

stabilising the enzyme. As a consequence of these experiments 33% v/v 

glycerol was included in all buffers used to prepare the enzyme. 

At various other times alternative stabilising agents were tried. 

The general inhibitor of proteolytic enzymes phenylmethylsulphonyl 

flouride (Fahoney and Gold, 1963) was found to have no effect on the 

stability of the enzyme suggesting that proteolysis was not responsible 

for the inactivation. Addition of the allosteric activator FDP, in 

the presence of glycerol, caused no further stabilisation of the enzyme; 

indeed the activity was lost at a faster rate (table 2). This is 

similar to findings on the yeast enzyme where FDP causes an 

enhancement of lability at 0°C (Kuczenski and Suelter, 1970). 

Inclusion of glycerol in the preparitive buffers restricted the 

number of techniques that could be employed, and presented difficulties 

in others. Ammonium sulphate fractionation was no longer feasible 

because the enzyme could not be precipitated, owing to the lower 

solubility of the salt in 33% v/v glycerol. Using saturated ammonium 

sulphate solution was of no advantage as it was found that large loss 

of enzyme activity occurred. Sodium sulphate and magnesium sulphate 

were tried in place of ammonium sulphate as ionic precipitant, but 

again without success. 

The following procedure was developed to purify the enzyme, in the 

process two peaks of activity were resolved on ion-exchange 

chromatography. 

Method A 

All operations were carried out at 0-2°C except were mentioned. 

Extraction of Acetone Powder 

70g acetone powder was extracted into 11. tris-HCl (pH 7.4), 0.67mM 

EDTA, ImM p-mercaptoethanol containing 33% v/v glycerol. The extract 

was stirred constantly for 30 min using a magnetic stirrer, after which 
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the insoluble material was removed by centrifugation (MSE 18, 6x250ml 

head, 15,000g for 30min). The supernatant was adjusted to pH 5.0 

over a 15 min period, with constant stirring, by adding 1M acetic acid; 

the stirring was continued for a further 15 min before the 

precipitate was removed by centrifugation (MSE 18 6x250ml head, 

15,000g for lOmin) and discarded. 

Ethanol Precipitation and Batchwise Adsorption to Calcium Phosphate 

The supernatant was cooled to -5°C using a salt-ice freezing 

mixture. Ethanol, precooled to -15°C, was added slowly, with constant 

stirring, until the solution contained 35% v/v ethanol. The solution 

was stirred for a further 20 min to allow precipitation of the 

unwanted protein; this was collected by centrifugation (MSE 18, 6x250ml 

head, 15,000g for 15 min at -5°C) and discarded. Calcium phosphate 

gel (prepared by the method of Swingle and Tiselius, 1951) was added 

to the protein solution, at -5 C, until 5-10% of the enzyme activity 

had been adsorbed. The gel was removed by centrifugation (MSE 18, 

6x250ml head, 10,000g for 5 min at -5°C) and discarded. Addition of 

calcium phoshate gel was continued, at -5°C, until 15-20% of the 

activity remained in the supernatant. The gel was collected by 

centrifugation (MSE 18, 6x250ml head, 10,000g for 5 min at -5°C), washed 

in 20mM potassium phosphate buffer (pH 7.4, no glycerol) and the 

activity eluted into 500mM potassium phosphate buffer (pH 7.4, no 

glycerol). The elution was repeated several times until majority of 

the activity had been recovered. The pooled eluates were made 33% v/v 

with rcspect to glycerol, and stored at -15°C overnight. 

Calcium Phosphate Column 

The protein was warmed to ice temperature and deionised using the 

mixed bed resin technique. The protein was applied to a column (2.5 x 

21cm) containing calcium phosphate gel/cellulose (method 1, materials 

and methods) equilibrated with lOmM potassium phosphate (pH 6.0), 33% 
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v/v glycerol. Once the protein solution had been applied the walls 

of the column were washed with a small volume of equilibrating buffer, 

and this was run into the column before starting the elution with 

50mM phosphate (pH 7.4), 33% v/v glycerol, buffer. Two void volumes of 

this buffer were passed before changing to 150mM phosphate (pH 7.4), 

33% v/v glycerol, buffer. Pyruvate kinase eluted from the column as 

a symmetrical peak in this buffer (fig 3). The peak fractions were 

pooled, stored overnight at -15°C, and subsequently deionised using 

the mixed resin technique. 

DEAE-cellulose chromatography 

The deioised protein was passed over a DEAE-cellulose column 

(2.5 X 8cm) equilibrated with lOmM phosphate (pH 6.0), 33% v/v glycerol 

buffer. The protein was washed into the column with a small volume of 

equilibrating buffer before the column was developed using a stepwise 

elution scheme. The column was washed with two void volumes of 30mM 

phosphate (pH 7.4), 33% v/v glycerol, containing 50mM KCl. No activity 

eluted in this buffer and unwanted protein was removed. Two peaks of 

activity were obtained on increasing the concentration of KCl; peak 1 

in buffer containing lOOmM KCl and peak 11 in buffer containing 150mM 

KCl (fig 4). 

Table 3 shows a summary flow chart of a typical experiment using 

this purification method. Peak 1 had a much greater specific activity 

than peak 11. The specific activities of peaks 1 and 11 represent an 

overall purification, with respect to protein, of 900 and 125 fold, 

respectively, with an estimated overall recovery of 9.5%. It is 

evident that peak 11 is not homogenous, as witnessed by the differences 

in the protein and activity elution profiles. Peak 1 shows greater 

correspondence between these two curves, suggesting greater purity of 

this peak. The specific activities measured for the two peaks support 

this. Roth peaks, however, contained considerable amounts of material 
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absorbing at 260nm (presumably nucleic acid). The ®28c/'^^260 ratios 

for the peak fractions from peaks 1 and 11 were 0.43 and 0.53, 

respectively, a pure protein having a ratio of the order of 1.75 

(Warburg and Christian, 1941). 

Assuming that the material absorbing at 260nm was nucleic acid 

various methods were tried to remove it. Addition of salmine sulphate, 

Norit or RNA'ase and DNA'ase were without effect. Success was achieved 

when the ethanol step in method A was extended to a precipitation 

step. This served to replace the batchwise calcium phosphate step, 

included to reduce the volume of the protein solution passed over the 

calcium phosphate column in method A. The final procedure adopted is 

shown below. 

Method B 

All operations were carried out at 0-2°C, except where mentioned. 

The supernatant from the pH 5.0 adjustment step, common to both methods 

A and B, was cooled to -5°C using an ice-salt freezing mixture. Ethanol, 

at -15°C, was added slowly, with constant stirring, until the solution 

contained 33% v/v ethanol. The solution was stirred for a further 20 

min and the precipitate collected by centrifugation (MSE 18, 6x250ml 

head, 15,000g for 15 min at -5°C), and discarded. The supernatant, 

at -5°C, was increased to 46% v/v ethanol by further addition of 

absolute ethanol (-15°C). Stirring was continued for 20 min and the 

precipitate, containing the pyruvate kinase actvity, collected by 

centrifugation (MSE 18, 6x250ml head, 15,000g for lOmin at -5°C) and 

dissolved in lOmM potassium phosphate buffer (pH 6.0), containing 33% v/v 

glycerol, using a pestle type glass homogeniser at low speed. The 

insoluble, denatured, protein was removed by centrifugation at 34,000g 

for 15 min (MSE 18, 8x50ml head). 

Calcium Phosphate Column 

The resultant clear, yellow-green solution was passed over a calcium 
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pho'jphate column (2.5 x 21cm) equilibrated with lOmM phosphate (pH 6.0), 

33% v/v glycerol, buffer. The calcium phosphate in this column was 

prepared by the method of Mathew and co-workers (1964). Once the 

protein had been adsorbed to the calcium phosphate the sides of the 

column were washed with a small volume of the equilibrating buffer, and 

run into the gel. The column was developed by changing the eluting 

buffer to 50mM phosphate (pH 7.4), 33% v/v glycerol. The enzyme 

remained absorbed to the gel in this buffer, and the column was washed 

until no further protein eluted (monitored by the absorbance at 280nm). 

The phosphate concentration was increased to 90mM and one void volume 

passed; less than 10% of the enzyme eluted in this buffer. The enzyme 

eluted as a symmetrical peak on increasing the phosphate to 140mM 

(fig 5). The peak fractions were combined and deionised by dialysis 

against 31 of 2mM phosphate (pH 6.0), 33% v/v glycerol, in a continuous 

flow cell. 

DEAE-cellulose chromatography 

The deionised protein solution was passed over a DEAE-cellulose 

column (2.5 x 8cm) equilibrated with 2rnM phosphate buffer (pH 6.0), 

33% v/v glycerol. The protein was washed into the column with a small 

volume of equilibrating buffer and the column developed using a step-

wise elution programme. Two void volumes of 30mM phosphate buffer 

(pH 7.4), 33% v/v glycerol, was passed through the column after which 

the buffer was supplemented with 50mM KCl. This buffer was passed 

until no further protein was detected in the eluate. The ionic 

strength of the buffer was increased by increasing the concentration 

of KCl to lOOmM. The activity was eluted by increasing the KCl 

concentration to 150mM; the activity being recovered as a symmetrical 

peak (fig 6). After assay the peak fractions were pooled and concentrated 

to a small volume using a pressure concentration cell (ChemLab Ltd.) 

fitted with a PM 10 ultrafiltration membrane (Amnicon Ltd.). The 
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concentrated enzyme (c. Img/ml) was stored at -15°C. In these conditions 

the enzyme slowly lost activity; 62% of the activity remained after 

7 weeks storage in one experiment. 

Table 4 is a summary flow-chart of this purification method 

obtained from a typical experiment. The specific activity was constant 

through the peak as can be seen by the, correspondence between the 

activity and protein elution profiles in fig 6. This preparation of 

enzyme contained much less nucleic acid than the two peaks of method 

A. The ODggg/ODggg ratio of this preparation was 1.4, equivalent to 

0.75% nucleic acid (Warburg and Christian, 1941). This ratio is 

somewhat misleading because, as mentioned in Chapter 1, pyruvate kinase 

has a low E^QQ. This suggests that probably less than 0.75% nucleic 

acid is present. 

The overall purification by this method was 740 fold, with an 

overall recovery of 15%. A more satisfactory purification with respect 

to both nucleic acids and protein is coupled to a better recovery of 

enzyme in this method. The emergence of only one peak of activity 

from the DEAE, eluting between the same limits as peak 11, previously, 

shows a major difference in resolution of methods A and B. The 

recovery of activity from the DEAE columns was between 70 and 80% in 

both methods, so it is not that there has been a shift towards higher 

elution conditions (ie. tighter binding)in method B. 

2) Electrophoresis 

Concentrated enzyme, purified by method B, was submitted to 

polyacrylamide gel electrophoresis. The stained gel showed only one • 

major protein band coincidental with enzyme activity at this one pH 

(fig 7). No evidence was obtained to suggest the presence of type M 

enzyme in this purified enzyme. In other electrophoresis experiments, 

at higher pH values, no activity was recovered but only one band was 
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obtained. Similarly, on cellulose acetate and polyacrylamide slab 

electrophoresis only one band was seen. The occurrence of the one 

major protein band shows that a high degree of purification had been 

achieved. Estimation of the area under densitometer traces showed that 

pyruvate kinase was responsible for 95% of the total protein. The 

remaining 5/ was associated with material having a low mobility, implying 

either a high molecular weight or a small nett charge at this pH. 

After storage at -15°C three bands migrating faster than the major 

enzyme peak appeared on the electrophoretograms. These additional 

bands had mobilities corresponding to those seen in an earlier, stored, 

preparation and which possessed enzyme activity (fig 8). The same 

enzyme preparation showed an interesting change when separation was 

performed in the presence of 25nM FDP (fig 9). Four peaks of activity 

were obtained, but there was a shift in activity towards the major 

peak. 

Polyacrylamide gel electrophoresis separates proteins as a 

function of both molecular weight and nett charge. The predominating 

factor in the separation of the four peaks of C.maenas pyruvate kinase 

is not known. It is possible that there is a change in molecule 

ight as such changes were seen on gel-filtration (Chapter 4), wei 

3) The Nature of Peaks 1 and 11 

It was of interest to find two peaks of activity after DEAE 

chromatography (method A). Investigation of the activation seen on 

adding 5 0 0 F D P to the enzyme in the presence of 80|iM PEP revealed 

that there was an 8 fold increase in rate for peak 1 but only 1,2 fold 

for peak 11. Thus, superficially, peak 1 resembles type L and peak 11 

type M enzyme. As complete separation of the peaks was not seen, even 

after prolonged elution, further experiments were conducted to 

investigate the nature of peaks 1 and 11. On prolonged elution with 
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lOOmM KCl buffer, peak 1 enzyme trailed badly and little peak 11 

enzyme was obtained on increasing the KCl concentration to 150mM. 

The recovery from the DEAE columns was similar in both instances. 

This effect would be expected if there was a dynamic equilibrium 

between peaks 1 and 11. This possibility was investigated further. 

Peak 1 enzyme was deionised, using the mixed resin technique, and 

split into two. To one half FDP (15M.M) was added, whilst an equal 

amount of solvent was added to the other. The samples were applied 

simultaneously to two identical DEAE columns (l,0 x 3.8cm) equilibrated 

with lOmM phosphate (pH 6.0), 33% v/v glycerol, buffer. The column 

over which the FDP treated enzyme was passed was equilibrated with 

15UM FDP, and this was present throughout the elution of this column. 

It was found that peak 1 enzyme was converted to peak 11 on addition 

of the FDP (fig 10). Recovery of activity from the two columns was 

70% and 67% in the presence and absence of FDP, respectively. Hence 

the difference in elution cannot be explained by a preferential decay 

of one peak. The material now eluting as peak 1 was stimulated 6 to 7 

fold on addition of lOpM FDP, whereas peak 11 was only stimulated 

3.1 fold. That this is not lower can, presumably, be explained as a 

mixing of the two peaks; nevertheless it is significantly reduced. 

The implication is that peaks 1 and 11 are related in some way, and 

that FDP facilitates the conversion of peak 1 into peak 11. The 

incomplete conversion is the consequence of using a non-saturating 

concentration of FDP (Cf Chapter 5). 

It is generally accepted that allosteric transformations are freely 

reversible, therefore,if peak 11 enzyme represents fully activated 

enzyme it should form peak 1 in conditions favouring this transition. 

L-alanine inhibits mammalian type L pyruvate kinase (Seubert et al., 

1968; Weber et al,, 1968). The studies of Llorente and co-workers 

(1970) showed that for the hepatic enzyme L-alanine increased the 
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homotropic co-operativity of PEP, and that this inhibition was 

reversed by FDP. The alanine was proposed to act by favouring the 

conversion of the enzyme from the R to the T state, analogous to the 

conversion of peak 11 to peak 1. 

Pilot experiments showed that L-alanine was an inhibitor of C.maenas 

pyruvate kinase. The DEAE separation experiments were repeated by 

deionising peak 11 enzyme and splitting this into two. To one half 

4mM L-alanine, and to the other an equal volume of solvent, was added. 

The solutions were passed over two DEAE columns (l.O x 3.8cm) 

equilibrated with lOmM phosphate (pH 6.0), 33% v/v glycerol. The 

column over which the alanine treated enzyme was passed was 

equilibrated with 4mM alanine, and this was present throughout the 

elution. The columns were run simultaneously to separate peaks 1 and 

11. Fig 11 shows that little conversion of peak 11 to peak 1 had 

occurred on addition of alanine; recovery of activity was 70% in both 

instances. It is significant, however, that both curves reveal 

appreciable amounts of enzyme chromatographing as peak 1 followed, after 

incomplete separation, by peak 11. The initial peak 11 enzyme used 

in this experiment had been stored for 7 days in the deep freeze, and 

it may well be that there was a spontaneous conversion of peak 1 to 

peak 11. The alanine would only be expected to have a minor effect in 

this case, if any. It will be recalled that the electrophoretic 

separation of the enzyme altered on storage. Furthermore, on adding 

FDP the eleclrophoretograms tended to the original form; changes and 

conditions common to both the electrophoretic and chromatographic 

separations. 

Whatever the explanation peak 1 was obtained from peak 11 and 

vice versa. This shows that peak 1 and 11 are interconvertible forms 

of one enzyme, and not forms representing types L and M. This conclusion 

was confirmed when the kinetic properties of the two peaks were 
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studied (Cf Chapter 5). 

If the conclusion is that the two peaks represent the two allosteric 

states of the enzyme the inability to achieve complete separation on 

DEAE is readily explicable bearing in mind that the allosteric 

transition is an equilibrium process. As peak 1 enzyme is removed by 

chromatography peak 11 enzyme will be converted, spontaneously, to 

peak 1 enzyme. From this one would predict an initial peak 1 

(representing that originally present in the solution) tailing to the 

region where peak 11 is converted to peak 1. This will be followed 

by elution of any remaining peak 11. Complete separation of the two 

forms cannot be achieved and all fractions will eventually contain 

both enzyme forms; assuming that equilibrium can be achieved 

spontaneously. Why the two conformers were resolved in one purification 

method (A) and not the other (B) is unknown. That separation was a 

property of the purification protocol,leads to the question of how 

many other times has this type of separation occurred without being 

recognised. 

4) The Effect of Buffer Ions on C.maenas Pyruvate Kinase 

The effect of various buffer ions on a semi-purified C.maenas 

pyruvate kinase was investigated. All the buffers tested had a pH 

of 7.4. As can be seen from fig 12 large differences in activity were 

measured in the presence of different ions. The highest rate was 

observed in lOOmM EGTA, followed by that in lOOmM glyclglycine. It was 

interesting to find an inverse relationship between activity and 

concentration with either tris or imidazole buffers. An inverse 

relationship between ionic strength and activity has been reported 

by Melchior (1965) for the rabbit muscle enzyme and by Llorente and 

co-workers (l970) for th: rat liver enzyme. That the effect on C.maenas 

pyruvate kinase is mediated by ionic strength, and not by a specific 

ion effect, is suggested by the observation that both tris and imidazole 



73 

buffers give this inhibition; furthermore, addition of maleate to a 

tris buffer caused a further decrease in activity. Similarly less 

activity was measured in 200mM phosphate buffer than in 200mM tris; 

the former having the higher ionic strength. Such effects have been 

interpreted as meaning that the active conformation of an enzyme is 

dependent on an interaction between ionic species. It must be borne 

in mind, however, that tris has been shown to have direct effects on 

the conformation of mammalian type M pyruvate kinase (Betts and Evans, 

1968b; Kapour and Transgaard, 1972b; Sorger et al., 1965). 

Investigations of FDP stimulation in the presence of 80pM PEP 

showed that the nature of the buffer influenced the degree of 

stimulation seen. The stimulation seen in tris buffer (50mM) was 

greater than that in 50mM phosphate, whilst; no stimulation was seen 

in lOOmM EGTA. This loss of allosteric sensitivity in an EGTA medium 

was the result of the enzyme being present in the fully activated 

form at all times. It would appear that EGTA was able to mimic FDP by 

favouring formation of the activated state, perhaps by preferentially 

stabilising this form of the enzyme. That the highest rate was measured 

in lOOmM EGTA suggests that ionic strength does not affect this 

system, an apparent anomally. In another experiment enzyme activity, 

in the absence of FDP, was measured in 50mM EGTA, 50mM phosphate or in 

50 mM EGTA plus 50mM phosphate. The activities obtained were 10.2, 

8.0 and 6.3 units/ml, respectively. That the presence of both buffers 

did not give an intermediate rate, but a lower one, can be explained 

by an increase in ionic strength in the assay medium. Later experiments 

show a small decrease in activity as the concentration of EGTA is 

increased from lOmM to lOOmM (table 6). This unambiguously shows that 

increasing the concentration of EGTA does inhibit, presumably by 

increasing the ionic strength. 
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5) Effect of EDTA and EGTA on C.maenas Pyruvate Kinase 

EGTA is a chelating agent, related to EDTA, with a much higher 

affinity for Ca"*"̂  than Mg"*"^(Portzehl et al., 1964). During the 

purification procedure ImM EDTA was used in the extracting buffer 

as a routine precaution against heavy metal ion inhibition. Since 

EGTA has direct effects on C.maenas pyruvate kinase a more detailed 

study of these effects was performed. Both EDTA and EGTA activate the 

enzyme, mimicking FDP, as outlined above. Only low concentrations 

of EDTA could be studied, however, since this readily complexes the 

Mg^*, an obligatory ion in the reaction. EGTA could be studied over 

a larger concentration range. 

Variation of EDTA (or EGTA) in 25mM tris showed that there was 

only a slight dependence of activity on the concentration of EDTA 

(or EGTA) added (table 6). Increasing the EGTA up to ImM had little 

effect on FDP activation. Higher concentrations, however, showed 

increasing loss of sensitivity to FDP activation, the enzyme was 

converted to the fully activated state. The more limited results 

obtained for EDTA were qualatatively very similar (table 7). 

As a result of these studies ImM EGTA and 25mM tris-HCl (pH 7.4) 

were included in the standard assay. The EGTA concentration is a 

compromise which is low enough to allow full FDP activation, but 

high enough to chelate metal ions, especially Ca^^. The concentration 

of tris buffer used is a compromise giving sufficient buffering 

capacity with only a slight loss of enzyme activity. 

jS) Calcium Inhibition 

Pilot experiments were performed to see if calcium inhibition 

of C.maenas pyruvate kinase occurred; Ca"'"'' ions inhibit mammalian 

type M (Kachmar and Beyer, 1953) and type L (Gabrielli and Baldi, 1972) 

enzymes. Both purification methods described in this study employ 

calcium phosphate columns, and it is feasible that sufficient Ca** 

ions solvate in the buffer to cause inhibition. Addition of EGTA 
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to the eluting buffers would be pointless, therefore, an investigation 

wac carried out to seen whether inhibition occurred and if it did 

could it be reversed. 

Calcium was found to inhibit C.maenas pyruvate kinase; a 20% 

inhibition was observed in the presence of 8.3|iM Ca*^. Only part of 

this inhibition was reversed on adding EGTA to the assay after the 

enzyme had been pre-incubated with Ca"̂ "̂ . If, however, stoichiometric 

amounts of EGTA and were added together, before addition of 

enzyme, no inhibition was seen. It would appear that there is a 

strong interaction between the enzyme and Ca^^ (table 8). The presence 

of either FDP or PEP during the pre-incubation period afforded some 

protection to the enzyme, whilst the presence of both resulted in 

100% retention of activity (table 9). Furthermore, by completely 

inactivating the enzyme with Ca"*"̂ , before adding FDP or PEP in a 

second pre-incubation, it was shown that either FDP or high concentrations 

of PEP were able to reverse the Ca"'"̂  inhibition (table 10), ADP was 

not active in either protecting or reversing the inhibition. 

Conclusion 

Pyruvate kinase from C.maenas hepatopancreas has been purified 

by two methods. One method (B) gave a greater purification than the 

other. In method A two peaks of activity were obtained on DEAE 

chromatography, furthermore, peak 1 was converted to peak 11 by 

addition of FDP and peak 11 was converted to peak 1 on storage. 

Electrophoresis, at one pH, revealed that the enzyme purified by 

method B was responsible for at least 95% of the protein present. 

The enzyme activity is sensitive to ionic strength and Ca"*"̂  inhibits 

the enzyme. EDTA and EGTA mimic FDP in activating the enzyme. 
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Table 1. 

Addition 

None 

ADP, PEP, Mg 

ATP, Pyr, Mg' 

Glycerol 

++ 

+•+ 

Glycerol, ADP, PEP, Mg 

Glycerol, ATP, Pyr, Mg 

+4-

Time after extraction 

I.Shrs 2.5hrs iShrs 

++ 

100 

100 

100 

100 

100 

100 

93 

79 

85 

110 

100 

100 

9 

5 

6 

89 

1g lots of acetone powder were extracted into 15ml buffer (lOOmM tris, 

ImM EDTA and ImM dithiothreitol, pH 7.4) with the additions noted in 

the table. The activity was extracted for 30 min at 0-2°C and then 

centrifuged at 15,000g for 25min (MSE 18 16x15ml head). The 

supernatant was assayed for activity at various times, with zero time 

being taken as the time the extraction commenced. The results are 

expressed as the percentage of activity remaining in the supernatant 

with 100% being that present in the first assay. Concentration of 

the additions are; ADP, PEP and pyruvate, ImM; ATP, lOmM; Mg"̂"*", 5mM 

and glycerol 33% v/v. 



77 

Table 2 

Time Glycerol Extraction Glycerol Extraction 
+ 30|iM FDP 

Ihr 3.1 u/ml 100% 3.86 u/ml 100% 

2hr 3.1 u/ml 100% 3.68 u/ml 95% 

3hr 3.1 u/ml 100% 3.68 u/ml 95% 

9hr 2. 9 u/ml 94% 2.51 u/ml 65% 

24hr 2.12u/ml 68% 1.93 u/ml 50% 

1g lots of acetone powder were extracted into 15ml buffer (67mM tris, 

0.67mM EDTA and 0.2mM ditiothreitol, pH 7.4) containing either no 

FDP or 30|J,M FDP and 33% v/v glycerol. The activity was extracted 

for 30 min at 0-2°C and the solution centrifuged at 15,000g for 30 

min (MSE 18, 16x15ml head). The supernatant was assayed for activity 

with respect to time in the standard assay containing 10|iM FDP. 

Zero time was taken as the time extraction commenced. 
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Step Volume 
(ml) 

Table 3 

Total 
Protein 
(mg) 

Total 
Activity 
(units) 

Specific 
Activity 
(units/mg) 

Initial Extract 750 10,800 3,200 0.29 

pH5.0 750 6,500 3,200 0.49 

35% v/v ethanol 1065 5,300 3,000 CX56 

Batchwise Ca^{?0^)^ 95 1,280 2,020 1.6 

Ca^(P0^^2 column 66 350 733 21 

DEAE fraction 7 4 0.12 31 260 

" 19 4 0.92 25 36 

Summary Flow Chart for Method A 
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Table 4 

Step Volume 
(ml) 

Total 
Protein 

(mg) 

Total 
Activity 
(units) 

Specific 
Activity 
(units/mg) 

Initial Extract 920 8,750 4,000 0.46 

pH 5.0 950 5,900 3,750 0.64 

33-46% Ethanol : 
precipitate 

61 715 2,030 2.9 

Ca^{FO^)^ column 108 26 1,070 41 

Post Dialysis 110 26 505 19.4 

DEAE fraction 18 3 0.36 120 340 

Summary Flow Chart for Jfethod B 
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Table 5 

Buffer Stimulation by 10|iM FDP 

Tris (50mM) 5.05 

Phosphate (50mM) 1.9 

EGTA (iqOmM) 0.0 

The stimulation seen on adding 10|j,M FDP was measured in the buffers 

shown at pH 7.4. Substrate concentrations used were: ADP, 240M.M; 

PEP, the other assay components were as in the standard assay. 

Stimulation is defined as v___ - v 
FDP o 

V 
o 
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T a M e 6 

Rate 

dOD^^o/min 

EGTA Rate 

AODgj^o/min 

6. 7W% 0.100 30HM 0.115 

13.3UM 0.120 150IJ.M 0.120 

66.7VM 0.135 333pM 0.125 

133UM 0.145 lOmM 0. 145 

333^M 0.130 25mM 0.140 

50mM 0.130 

lOOmM 0.130 

Peak 1 enzyme 

the presence 

was assayed in the standard 

of varying concentrations of 

assay (minus 

EDTA or EGTA 

EGTA) in 

as indicated. 
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Table 7 

EGTA Rate(-FDP) Rate(+FDP) Stimulation 

67HM 0.015 0.051 2.40 

330UM 0.014 0.044 2, 1 

670pM 0.012 0.045 2.7 

ImM 0.014 0.046 2.3 

1. 7mM 0.017 0.050 1.9 

3.4mM 0.022 0.051 1.3 

lOmM 0.023 0.044 0.9 

lOOmM 0.039 0.040 0.025 

EDTA 

67M.M 0.014 0.049 2.5 

670p# : 0.020 0.049 1.45 

5mM 0.036 0.047 0.3 

Peak 1 enzyme was assayed in the standard assay (minus EGTA) with 

the exception that the PEP concentration was lowered to 80|iM. 

The "Stimulation, as defined in table 5, was measured on addition 

of 10|iM PDF to the reaction mixture containing EDTA or EGTA as 

shown above. 



Additions 

None 

8.3wM CaClr 
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Table 8 

2 

l65pM CaCl 

165|iM CaClg + 333UM EGTA 

165|iM CaClg + 165M.M EGTA, 

then add enzyme 

Rate AODg^g/min 

0.115 

0.095 

0.070 

0.080 

0. 120 

Peak I enzyme was assayed in the standard assay (minus EGTA) in 

the presence of the additions noted above. 



min 

84 

Table 9 

Addition Rate A O D ^ ^ m i 

None 0.000 

10|iM FDP 0.025 

400UM FDP 0.055 

800uM FDP 0.075 

3.2mMPEP 0.085 

400|J,M FDP + 3.2mM PEP 0.130 

Control (no Ca^^) 0.110 

Peak 1 enzyme was inactivated by pre-incubating with 100|a,M CaCl^ for 

60 seconds in the assay mixture containing the additions noted. The 

reaction was initiated by adding either ADP or PEP depending on 

the pre-incubation conditions. 
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Table 10 

Addition Time of second 
pre -incubation 

Rate OD^^^min 

ImM EGTA 0 min 

ImM EGTA 6 min 

SOOiiM PEP 5 min 

800(iM PEP + lOOjiM FDP 5 min 

lOOiiM FDP 5 min 

8mM PEP 5 min 

0.10 

0.12 

0.00 

0.045 

0.045 

0.11 

Peak 1 enzyme was inactivated by pre-incubating with 100|iM CaCl^ 

for 1 minute in 25mM tris-HCl (pH 7.4), 8mM MgSO^, 75mM KCl, 150|iM 

NADH and 10 units lactate dehydrogenase. After this time the 

additions noted in the table were added and a second pre-incubation 

started. The reaction was initiated at the end of this pre-incubation 

by adding ADP to a final concentration of 240(IM. 
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Figure 3 Elutioa profile from calcium phosphate 

column (method A) 
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K i yurr 4 Elution profile from DEAE column (method A) 
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Figure 5 Elution profile from calcium phosphate 

column (method B) 
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Figure 6 Elution profile from DEAE column (method B) 
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Figure 7 

Electrophoresis of freshly prepared C.maenas pyruvate kinase 

(Method B) 
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Figure 10 DEAE elution profile showing conver- ion of 

peak 1 into peak 11 on addition of FDf. 
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Figure 11 DEAE elution profile showing effect of L-alanine 

on conversion of peak 11 to peak 1 
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Chapter 4 

MOLECULAR WEIGHT STUDIES 

The kinetic properties of regulatory enzymes are cJosely related 

t o their molecular structure. All enzymes showing regulatory 

p r o p e r t i e s which have been characterised have been found to be composed 

o f sub-units. This is in accordance with the allosteric model of 

Monod a n d co-workers (l965). Studies on the molecular architecture 

o f t y p e L pyruvate kinase have been hampered by difficulties in 

o b t a i n i n g a pure enzyme. The group headed by Hess have investigated 

t r i e quarternary structure of the allosteric pyruvate kinases from 

yea It (S.car]sbergensis) and pig liver (Bischofberger et al., 1970;1971; 

He s o , 1 9 7 1 ) . The studies revealed similar molecular weights for the 

enzyme f r o m both sources. The molecular weights obtained varied, 

ileijerif]i ng on the method of analysis, gel-filtration yielding a higher 

v a l u e f o r the pig liver enzyme than ultracentrifugation. The observed 

molecular weight of sub-units from porcine type L pyruvate kinase 

varied between 48,000 and 62,000 depending on the dissociation 

conditions and the method used for molecular weight determination (Hess, 

1971). The molecular weight of the sub-units from the S.carlsbergensis 

err/.yrne showed wide variations, 45-62,000, in size (Bischofberger et al. , 

197O;1971). As a result no definite conclusions have been drawn 

r('<jrir<,l Lng the number of sub-units in either native enzyme. Mammalian 

t y p e M enzyme has a molecular weight of 230-237,000 (Morawiecki, 1958; 

W.irner,1958) and, is composed of four sub-units of molecular weight 

'//, 000 (otcinmetz and Deal, 1966). 

It was of interest, therefore, to determine the molecular weight 

or C. rnaenas pyruvate kinase and investigate its quarternary structure. 

Ge] Filtration 

In all these experiments C.maenas pyruvate kinase purified by 

i(K:thod B was used. The molecular weight of the native enzyme was 
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e s t i m a t e d by gel-filtration on Sephadex G-200 using the method of 

A n d r e w s (l964). The column was calibrated by measuring the elution 

v o l u m e of standard proteins. These were cytochrome (l2,380), creatine 

kinase (8 1,000), lactate dehydrogenase (135,000), type M pyruvate 

kinase (237,000) and urease (480,000). The void volume (v ) of the 

coJ.unrn was measured as the elution volume of Blue Dextran 2000. The 

f l u l i o n volumes (v ) of the standard proteins were used to calculate 

ratio v ^ v from which a plot of v a g a i n s t log^Q(molecular 

w e i g h t ) allowed estimation of the molecular weight of C.maenas pyruvate 

ki.na",c (rig 13). 

To ensure a suitable flow rate the G-200 column was run in aqueous 

b u f f e r . As a result any glycerol in the enzyme was rapidly separated 

from t h e proteinj this led to instability of the C.maenas pyruvate 

kinase but,was unavoidable. In the course of assaying fractions from 

the first columns non-linear progress curves were obtained. 

Investigation showed that a reactivation was occurring. Maximal 

re.)c:L i v a t l o n was found when the enzyme was pre-incubated with SOOjiM 

FDP (jfid 240|lM ADP for 5 minutes at 25°C. Linear reaction rates, up to 

twenty t i m e s faster, were measured in this way. The qualatitive 

n a t u r e o f the elution profiles were not dependent on the assay 

procedure used, only the quantative recovery. In all subsequent 

assays t:he enzyme was reactivated before assaying the enzyme; up to 

'r5% r e c o v e r y of activity was obtained. 

The elution profiles of two preparations of C.maenas pyruvate kinase 

show that the enzyme elutes as a slightly assymmetric peak (fig 14). 

'I'he molecular weights determined for the two preparations were 

000 and 237,000, giving an average molecular weight of 247,000. 

Al tempt" , were made to determine the molecular weight of the enzyme 

in peak 11, but only with limited success. The enzyme eluted as an 

a asymmetric peak, apparent molecular weight of the peak fraction 

toeing 355,000. It was noted during the preparation of the standard 
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•"lirve that the elution volumes of some of the standard proteins were 

flifTcrent if other proteins were present. These changes were the 

r e ;u]t of protein-protein interactions inflating the molecular weight 

o f the standard protein. The molecular weight of the C.maenas pyruvate 

kina-e measured in the presence of other proteins (ie. peak ll) 

1 ; likely to be subject to error introduced by similar protein-protein 

interactions. Such protein interactions may be responsible, in part, 

Tor the differences found for the molecular weight of other pyruvate 

k i n a s e s when judged by gel-filtration. This variation is to be 

;f:en for the human erythrocyte and the pig liver enzymes (table ll). 

KTJect of FDP, ATP and EGTA on the Molecular Weight of C.maenas 

Pyruvate Kinase. 

The molecular weight of G.maenas pyruvate kinase was redetermined 

i n t h e presence of 25|iM FDP; 20mM EGTA or 2. 5mM ATP + 8mM MgSO^. In 

e a c h c a s e the effector, present in the eluting buffer, was added to 

t h e enzyme before chromatography. The elution profiles reveal a 

significant change in molecular weight (fig 15). The elution volumes 

o f t h e peak fractions correspond to molecular weights of 195,000; 

170,000 and 191,000 obtained in the presence of FDP, EGTA and ATP/Mg"*"^ 

r' pectively. The elution profiles are nearly symmetrical suggesting 

thrit predominantly a single enzyme species was present. It is 

Lntere" ,ting that all these effectors caused a decrease in molecular 

V/C i y h t ; to the same extent in the case of FDP and ATP/Mg"*""*'. It is 

p r o b a b l e that this is the result of a direct effect on the quarternary 

s t r u c t u r e of the enzyme, although a change in shape towards a more 

n e a r l y spherical molecule could account for part of the variation 

in clution volume. The action of EGTA is of special interest because 

i t 1-. further evidence that EGTA mimics the effect of FDP in its mode 

of action on G.maenas pyruvate kinase. It is unlikely that the two 

a r c a n a l o g u e s acting at the same site, but it is possible that they 
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stabilise, by different means, an enzyme conformer with similar 

properties. The further small decrease in molecular weight seen on 

adding EGTA may be the result of either experimental error or a 

small change in hydrodynamical properties, rather than a further 

reduction in molecular weight. 

The action of FDP on the molecular weight of the enzyme will 

help explain the change seen on electrophoresis in the presence of 

FDP. Some of the bands appearing on the electrophoretogram may have 

been separated as a function of molecular weight. It is interesting 

that no change in molecular weight was found on adding FDP to rat 

type L enzyme (Susor and Rutter, 1968), Pogson (1968a), however, 

observed a change from 5.3-5.6S to 7.2-7.3S on adding FDP to the 

adipose tissue enzyme. The author did not believe that this difference 

was due to a change in aggregation state, rather a conformational 

change was occurring. In the presence of PEP and FDP the sedimentation 

cue rricient of the native yeast enzyme was enhanced by 1.3%, indicating 

thrit no change in the aggregation state of the enzyme was occurring 

(l'. i schoFberyer et al., 1971). 

Table 11 summarises the molecular weights found for C.maenas 

pyruvate kinase and those from other sources. 

Sub-unit Studies. 

The molecular weight of the sub-units of C.maenas pyruvate kinase 

was investigated using SDS polyacrylamide gel electrophoresis; a 

technique pioneered by Shapiro and co-workers (1967) and developed 

by Weber and Osborn (1969), Subsequently Neville (l97l) improved 

the resolution of the method by introducing a discontinuous buffer 

".ystem. In both methods the mobility of standard proteins, after 

suitable dissociation, are measured with respect to a tracking dye 

(l>romophenol blue). A plot of log^Q(molecular weight) against 

relative mobility allows calculation of the molecular weights of 
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unknown proteins from their observed relative mobilities (figs 16, 

17). 

Several bands were obtained after dissociating C.maenas pyruvate 

kinase in 1% SDS for various lengths of time before electrophoresis 

(fiy 18). The major band had an average molecular weight of 66,000 

whilst the minor bands corresponded to average molecular weights of 

c. 210,000; 80,000; 5?,000; 43,000; 30,000 and 16,500. The 210,000 

band presumably corresponds to undissociated enzyme, and indeed in 

the longer dissociating times this band dissappeared. The bands with 

molecular weights less than 66,000 increase in abundance on prolonged 

dissociation, suggesting that they are the result of a breakdown of 

the major band at 66,000. Dissociation in ^% SDS alone may not 

completely dissociate the protein to polypeptide chains 

cts di'julphide bridges may hold adjacent polypeptide chains together. 

Addition of a thiol reagent should reduce any disulphide bridges 

present and release the polypeptide chains. The experiments were, 

therefore, repeated after dissociating the enzyme in 1% SDS and 

1% p-mercaptoethanol. 

In these dissociating conditions more protein bands were obtained 

(fig 19). The major band corresponds to a protein with a molecular 

weight of 85,000; considerably higher than that found in the presence 

of SDS alone. The bands with estimated molecular weights of 210,000 

and 110,000 are, presumably, the native enzyme and a fission product. 

The minor bands with molecular weights of 67,500; 53,00; 42,000; 

39,000 and 31,500 increase in abundance after prolonged incubation. 

This suggests that they, too, are breakdown products of the major 

protein band. No obvious relationship was seen between the molecular 

weights of these bands, although the band with a molecular weight of 

67,500 corresponds in size to that seen after dissociation in 1% SDS. 

There is a discrepancy between the estimated molecular weight 
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of the sub-units when estimated in the presence or absence of 

j3-mercaptoethanol. Investigation of the size of the sub-unit obtained 

in the presence of 1% SDS and 1% p-mercaptoethanol revealed bands 

corresponding to molecular weights of 61,700 and 70,000 when the 

mobility was measured with respect to BSA, and not bromophenol blue. 

A more accurate mobility was obtained in this way because the protein 

migrated further into the gel, without loss of the internal standard. 

It would appear, therefore, that the breakdown products are not 

significantly different in the two dissociation conditions. 

Rabbit muscle pyruvate kinase yielded two bands with molecular 

weights of 57,000 and 114,000, the previously reported values for 

the monomer and dimer (Steinmetz and Deal, 1966). C.maenas pyruvate 

kinase differs from the rabbit muscle enzyme in that a sub-unit with 

a higher molecular weight weis obtained and this dissociates further. 

Greater resolution, and fewer bands, were seen if the discontinuous 

buffer system developed by Neville (1971) was used. C.maenas pyruvate 

kinase dissociated for 15 min at 0°C (rather than 37°C used previously) 

in the presence of 1% SDS and 1% p-mercaptoethanol yielded five 

bands. The major one corresponded to a molecular weight of 54,000 

with other bands at 182,000; 71,500; 69,000 and a broad band within 

the range 33,000-25,500 (fig 20). Repeating the experiment after 

dissociation in the presence of 1% SDS and 10% p-mercaptoethanol 

at 37°C for 3|hours resulted in only three protein bands (fig 21). 

(he major band obtained had a molecular weight of 55,000 with the other 

two relatively minor bands having molecular weights of 70,000 and 

72,000. The band with an estimated molecular weight of 182,000 was 

presumably native enzyme; in the second more rigorous dissociation 

condition this band disappeared. The broad band at 25,500-33,000 was 

only present on one gel and it did not run as a sharp band. Rabbit 

musclc pyruvate kinase run in the same conditions showed only two bands 
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(fig 22). One had a molecular weight of 57,000, corresponding to 

the known monomer, and another with a molecular weight of 38,000. 

This band, due to some impurity in the enzyme preparation, was more 

sharply defined than the broad diffuse peak seen in the C.maenas gel 

suggesting that the latter band was a staining artifact. The origin 

of the other minor bands (at 70,000 and 72,000) is not known. A 

possibility is that they are derived from the 5% of material with a 

smaller electrophoretic mobility than pyruvate kinase (fig 7). 

The results from SDS electrophoresis support the previous contention 

that C. maenas pyruvate kinase has been highly purified. Only two 

minor bands, possibly due to impurity, have been found after rigorous 

dissociation (fig 20, 21). The molecular weight of the sub-units 

obtained from the enzyme vary slightly in different dissociation 

conditions and in different gel systems. The major peaks found 

correspond to molecular weights of 55,000; 66,000; 61,700 and 70,000. 

Of these the 55,000 sub-unit was estimated using the gel system with 

greatest resolution and, furthermore, it occurred with fewest other 

bands. Perhaps this represents the basic sub-unit and its most likely 

molecular weight. In table 12 the molecular weights of the sub-units 

obtained for other pyruvate kinases are given for comparison. 

Considerable difficulties have arisen in determining the sub-unit 

size of the enzyme from some of these other sources, as is evident 

from the range in reported molecular weight. The S.carlsbergensis 

enzyme, for example, was shown to have sub-units with molecular 

weights ranging from 70,000 in 8M urea, through 61,000 in SDS, to 

4^-51,000 after dissociation in 6M GdHCl, 1% acetic acid with 

extensive succinylation (Bischofberger et al,, 1970;1971). Smaller 

species (molecular weight 15-30,000), within polydisperse systems, 

were detected in concentrated urea solutions and in alkali. These 

particles, smaller than the presumptive sub-unit, never occurred as 

a monodi.sperse system. The fragments with molecular weights less than 
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55,000 may have a similar origin. Whether these fragments are present 

in the enzyme as a single polypeptide or whether they are cleavage 

products is unknown. 

Pringle (l970) recently showed that yeast hexokinase consists 

of 2 sub-units of 50,000 and not, as previously reported, of 4 of 

25,000. The author suggested that the 25,000 partical was a partially 

degraded polypeptide chain produced by an SDS-activatable protease. 

Bischofberger at al., (l97l) thought that it is probable that the 

particles, smaller than the presumptive sub-unit,seen in their system 

had a similar origin. 

It is of interest to find that the difference in molecular weight 

between the native enzyme and that in the presence of FDP was 54,000. 

This is surprisingly close to the sub-unit size (55,000) found after 

discontinuous buffer SDS electrophoresis. This is highly suggestive 

that the native enzyme contains an additional sub-unit to the enzyme 

found when FDP is presdnt. The human erythrocyte enzyme forms polymers 

up to, and including, a pentamer from a sub-unit of molecular weight 

53-60,000 (Ibsen et al., 1971). 

On the basis of the studies reported in this thesis it is 

impossible to say whether there are separate regulatory and catalytic 

sub-units or whether there are both interacting sites on one sub-unit. 

No evidence is available for any allosteric pyruvate kinase favouring 

either of these posibilities. It is most likely, however, that the 

C.maonas enzyme contains 4 sub-units in the presence of FDP, EGTA or 

ATP/Mg**, although a trimer cannot be excluded. A similar conclusion 

was drawn for the native S.carlsbergensis (Bischofberger et al., 1970) 

and pig liver (Hess, 197l) enzymes. Subsequent experiments indicated 

that the S.carlsbergensis enzyme is a tetramer (Bischofberger et al., 

1971). 
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Conclusion 

Highly purified C.maenas pyruvate kinase has a molecular weight 

of 247,000 as judged by gel-filtration. In the presence of FDP or 

ATP/Mg"*"^ a decrease in molecular weight to 193,000 was seen. In the 

presence of EGTA the estimated molecular weight was 170,000. 

Dissociating the enzyme in SDS and P-mercaptoethanol yielded sub-units 

whose molecular weight varied in response to dissociation conditions 

and the analytical method used. The major peaks found had molecular 

weights of 55,000; 66,000; 61,700 and 70,000. The basic sub-unit 

may have a molecular weight of 55,000. No definite conclusions 

regarding the quarternary structure of the enzyme were made; the 

information to date favours a tetrameric structure although a trimer 

cannot be eliminated. 
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Pe6k 11 (Method A) 

Method B 
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Figure 14 Gel filtration elution profiles of C. maenas 

pyruvate kinase. 
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O — O +25nN FDP 

+ 20mM EGTA 

A — A + 2. 5mM ATP and 
8mM MgS04 
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_L 
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Figure 15 Gel filtration eiution profile of C.maenas 

pyruvate kinase in the presence of EGTA, FDP 

or ATP/Mg"*"̂ . 
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Figure 16 Calibration curve for the continuous buffer 

system SDS polyaerylamide gel electrophoresis 

experiments. 
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system SDS polyaery1amide gel electrophoresis 

experiments. 
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Figure 18 

C.maenas pyruvate kinase dissociated in 1% SDS at 37°C 
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Figure 19 

G.maenas pyruvate kinase dissociated in 1% SDS and 

1% P-mercatoethanol at 37°C. 
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Figure 20 

C. maenas pyruvate kinase dissociated in 1% SDS and 

1% (3~mercaptoethanol for 15 minutes at 0°C. Proteins 

separated using the discontinuous buffer system. 
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Figure 21 

C.maenas pyruvate kinase dissociated in 1% SDS and 

10% S-mercaptoethanol for 3^ hours at 37°C. Protein 

was separated using the discontinuous buffer system. 
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Figure 22 

Rabbit muscle pyruvate kinase dissociated in ^% SDS and 

1% B-mercaptoethanol for 3 hours at 37°C. Protein was 

separated using the discontinuous buffer system. 
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Chaptei 5 

KIWETIC PP.OPERTIBS 

A kinetic analysis of an enzyme can be used to discriminate between 

individual proteins catalysing the same reaction providing differences 

in either rate constants or reaction mechanism exist. The same set of 

data can also be used to obtain information regarding the catalytic 

reaction itself. Indeed, in some cases kinetic studies are the only 

way that such information can be obtained. A kinetic approach yields 

much information regarding the mechanism of an enzyme catalysed reaction 

using a very small quantity of enzyme; a prime factor when a limited 

amount of the enzyme is available, 

A detailed study of C.maenas pyruvate kinase was undertaken to 

investigate the relationship between peaks 1 and 11 further and to 

investigate the FDP activation. In the course of these studies the 

reaction mechanism of the enzyme was scrutonised. When this work 

was started the only published kinetic study was on the non-allosteric 

type M enzyme and included product inhibition studies using only one 

product (Reynard et al., 1961). Subsequently two full studies were 

published; one on the non-allosteric rabbit muscle enzyme (Ainsworth 

and MacFarlane, ,1973) and the other on the PDF activated S. cerevisae 

enzyme (MacParlane and Ainsworth, 1972), 

No mend ature 

The nomenclature and notations of Cleland (l963,a;b;c) have 

been adopted with the addition of the dissociation constant of 

pyruvate from the enzyrae-ADP-pyruvate dead-end complex, A« B, P and 

Q refer to ADP, PEP, Pyruvate and ATP respectively. 

Derivation of Rate Equations 

The full rate equation for a rapid equilibrium random bi-bi mechanism 

with one dead-end complex can be derived as follows; 
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L _ 

-EA^ 4 } >EP-

EAP ; 
> E A B S = ' • =g:EP 

-EB 3<r̂  ^2 

where Lhc following thermodynamic equilibria exist:-

Kia = ; Ka = ; Ki* = (EP)fAj 
(EA) (EAB) (EAP) 

K i b = ; Kh = (EA)(B) 
(EB) (EA3) 

Kip = I E % F ^ ; K = ; i KTp = (EA)(P) 
( e p T (EPg) (EAP) 

liq = I E % Q & ; Kn = (Er)(0) 
(EQ) (EPQ) 

from which it can be seen that Kj^Kb = KaKib and that Kjp = ^la^ip 

Kia 

The total amount of enzyme present is constant and hence, 

(Et) = (Eg) + (EA) + (EB) + (EAB) + (EPQ) + (EQ) + (EP) + (EAP) -1-

Rearrcinying the equilibria and substituting the values for the 

concentrations of the enzyme intermediates yields, after simplification:-. 

(EAB) -= , (St)(A)(B) -2-

^ia^b + ^b^ + ^a® + AB -r + ^^ja^b^pQ + ^ia^b^ + ^ b ^ 

KqKip KqKip ^ip Kjp 

(EPQ) „ (Et)(P)(Q)§|ft 

KiaKb + KbA + KaB + AB + KjaKfaPQ + KjaEbKpQ + KjaKfaP + KyAP 

Kq^ip Kq^ip ^ip ^Ip 

The rate of reaction, v = ki(EAB) - k2(EPQ) -4-

Remembering that V-] is measured when all the enzyme is present as 

(EAB), and hence V-] - k-,E^, and by the same arguement that V2 = k2E^ 

substitution of -2- and -3- into -4- yields, after simplification; 
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V-iAB - Vo.KiaKb . PQ 

= KqEiP -5-

KiaKb+ KfoA + KgE + AB + £ i a £ ^ 0 + KjaKbKpQ + KjaKb? + 

KqKip KqKip Kĵ p Kjp 

In the absence of products (ie. P=Q=0), equation 5 simplifies to, 

V = VjAB 

KiaKb + KbA + KgB + AB 

There are two reciprocal forms of equation 6ynamely;-

—6— 

1 = 1 

V Vi 

and 1=1. 
V Vi 

1 + ^ 
b 

1 + £a Kia^b + 1 1 J, 

j v l l kab j a 
-7-

1 4- £a + 

A I Vi 

^ia + 1 1 -8-

A b 

It is apparent from equations 7 and 8 that a plot of l/v against 

either l / a or i / b will yield a straight line. From equation 7 it is 

clear that the apparent Kg differs from the true by the factor 

/ Ki aK- b \ 

11 + ™T̂ T̂5~ / • I'he true Kg can be obtained from the secondary plots 

constructed by plotting the slopes and the intercepts of the primary 

plot against the reciprocal of the fixed substrate concentration. When 

the intercepts are plotted against I/B a straight line is obtained, 

the equation of which is;-

Intercept = 1 + £b . -9-

v i v i b 

Thus the intercept of this line gives the maximum velocity (in the 

presence of infinite concentrations of A and b and in the absence of 

P and Q). Prom the slope of this line Kb can be calculated. The 

slope replot will also yield a straight line, this time of the form, 

Slope = £a + KjaKb , 1_ -10-

v-i v i b 

From thi'-. replot can be calculated from the intercept of the 

secondary plot and the previously obtained value of V-j. From the slope 

of this necond replot can be estimated. The second primary plot 

(equation 8) serves to indicate the internal consistency of the data. 
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Linearity of Assay 

Figure 23 shows the effect of varying the amount of enzyme on the 

reaction rate. The result shows that there is a linear relationship 

over a 200 fold difference in enzyme concentration. This implies that 

the linking enzyme system is not rate limiting. To reduce variations 

in rate caused by dilution of the enzyme and those caused by pipette 

accuracy, all micropipettes were calibrated by weighing. Only those 

within ±5% of the stated volume were used. Wherever possible a constant 

volume of enzyme was taken from a single dilution, thereby limiting 

the sources of likely error. Cross correlation between different 

dilutions and volumes taken was obtained by comparing the enzyme 

activity when measured in standard conditions (the kinetic standard 

assay). All activities (except the very earliest) were calculated 

with respect to this assay and the results expressed as units of 

activity per standard unit of activity (v/vj,). This automatically 

compensated for variation in activity due to both manipulation and 

loss of activity on storage. 

The purified enzyme was diluted into 30mM phosphate (pH 7.4) 

33% v/v glycerol buffer such that linear rates were obtained when a 

sample (5 or lOpl) was assayed in the presence of the lowest 

concentrations of substrates. A small amoimt of glycerol was, unavoidably, 

transferred with the enzyme to the assay medium and could possibly 

alter the reaction rate, Ruwart and Suelter (l97l) found that addition 

of glycerol activated yeast pyruvate kinase to the same extent as 

adding FDP, Maximal activation, the result of lowering the Kg, was 

seen in 33% v/v glycerol. In the absence of FDP addition of extra 

glycerol, up to 3.3% v/v, had no observable effect on the activity 

of C. maenas pyruvate kinase. The maximal cunount of glycerol present 

in any study was 0,2% v/v and it is likely, therefore, that this had 

no effect on the reaction rate. 
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Substrate Furfty•• *-

All substrates were assayed immediately before use as outlined 

in the material and methods chapter. It wis found that ATP from 

different commercial"suppliers contained varying amounts of ADP. 

The batch of ATP used in the product inhibition studies contained 0.63% 

ADP and this was allowed for when the ADP concentration was calculated. 

The ADP present in the ATP increased the actual ADP concentration, 

at the highest ATP aiid lowest ADP concentration, by 17%. 

ADP-PEP Velocity Relationships (No FDP) 

As previously'described a Lineweaver-Burke plot can be constructed 

in a two substrate 'reaction if one of the substrates is held constant 

as the other is'veirxed. By repeating this'at various fixed 

concentrations of'the first substrate a family of lines is generated. 

The same data can be plotted with'the first substrate as the fixed 

substrate, yielding a second family of lines. Prom these two primary 

plots information concerning the variation of apparent with the 

second substrate is obtairted and the true calculated from secondary 

plots (Albe'rty, T956; D&l^iel, 1957; Cleland,' 1963ai). Intersection 

of the initial'rate' plots in the second or third quadrant indicates 

binding of both substrates in a ternary complex before any products are 

formed. If no ternary complex is formed, the first product must be 

released before binding of the second substrate aAd a series of parallel 

lines is obtained. Such a ping-pong mech»iism occurs in the pyridoxal 

phosphate dependent aminotransferases. 

Intersecting primary plots for both peaks 1 and 11 with ADP as the 

variable substrate were Obtained (fig 24, 25). There is a decrease 

in the apparent as the concentration of PEP increases, unlike the 

rabbit muscle enzyme where is independent of PEP concentration 

(Reynard et si., 196l). When the data were replotted with PEP as the 

variable substrate a family of non-linear lines was found (fig 26, 27). 
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Such curves can be the result of substrate activation or random addition 

of substrates in non-equilibrium conditions (Cleland, 1963a), One 

would expect to find non-linearity in both primary plots with a random 

mechanism; that this is not the case points to substrate activation 

by PEP as the cause, although it is possible that the curvature in the 

ADP plots is too small to notice. The non-linearity of the Linewaver-

Burke plots limits the amount of information that can be obtained 

from the secondary plots. It is impossible to extrapolate the curves 

into the second quadrant and so no reliable estimates of K„ or K.„ 
" • B iB 

can be obtained. 

The Hill equation (ll) can be regarded as a generalised form of 

the MichaelIs-Menten equation which describes the non-linear curves. 

In practice the logarithmic form of this equation (12) is used to 

' _ v f 

to.5 + S" 

I0910 V = nlog-jQS - log-jo^O. 5 -12-
Vl - V 

estimate two constants, K (equal to the substrate concentration 

giving half m.i;cimal effect, ie. appK^) and n (a function of the number 

of, and the strength of interaction between, binding sites), A value 

of n equal to 'I implies that no co-operativity occurs; and equation 

11 will simplify to the Michaelis-Menten equation. Values greater than 

1 imply that co-operative interactions are occurring; the greater the 

value the stronger the interactions, 

nil] plots- from,the data given in figures 26 and 27 show that, as 

expected, both peaks 1 and 11 have values of n greater than unity, 

decreasing as the concentration of ADP•increases (fig 28, 29). The 

value of ^ also decreases as the concentration of ADP increases. 

If it is assumed that C,maenas pyruvate kinase obeys the' allosteric. 

model of Monod et al, (l965) one can say that there are two conformers 
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the R ind T states, with different affinities towards various ligands. 

Addition of.PEP will alter the ratio of the two states in favour of 

the coiiformer with greatest affinity for itself, resulting in 

homotropic activation. There is, therefore, a limit to the activation 

process, one corresponding to the fully activated enzyme. At high PEP 

concentrations .the enzyme wovJd be expected to be in the fully activated 

state. Ligands other than PEP can also alter the ratio of the H and 

T states. Those ligands favouring the activated formwill cause a 

decrease in the homotropic PEP co-operativity.This is apparently true 

for ADP which, although itself is not allosterically active, can alter 

the degree of activation shown by PEP (fig 26, 27, 28 and 29). Since 

the limit of activation is represented by the fully activated form of 

the enzyme, a line obtained in the presence of SOO^iM FDP is included 

on the Hill plots. This shows that the variation of the lines is 

towards this limit, suggesting that at high concentrations of ADP more 

of the enzyme is in the activated state. This is indicated by both a 

lower ^(PEP) and a decrease in n. 

Hill plots obtained with ADP as the variable substrate show a 

decrease in ^(APP) as the concentration of PEP is increased (fig 30, 

31). This is in agreement with the conclusions reached when the data 

was presented in the form of Lineweaver-Burke plots (fig 24,25). The 

value of n is unity for both peaks, confirming that no co-operativity, 

perhaps too slight to sge in a double reciprocal plot, is present. 

It i9 oDvious from these plots that the activated form of the enzyme 

is readily formed on adding PEP. 

It was of great interest to find that peak 1 enzyme showed 

greater co-operativity than peak 11, This is what would be predicted 

if, an IS proposed, peak 1 is .equivalent to the unactivated form of 

the enzyme. The values of K_ c(PEP) and n for peak 11 are intermediate 
u* p 

to those oi" peak 1 ard fully activated enzyme (ie in the presence of 

500|iM FDP) as would be predicted if both species are present. 
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Secondary plots of the data in figures 24 and 25 are non-linear 

(fig 32, 33). This is to be expected from an analysis of the primary 

plots. The degree of activation dependson the PEP concentration and 

variations of intercepts and slopes with PEP concentration are to be 

expected. In the intercepts replot the intercept of this line is the 

reciprocal of the maximum velocity of the fully activated enzyme, whilst 

the slope is equal to K^/V^. It is known that PEP activates by 

decreasing K^, thereby making it easier for subsequent molecules of 

PEP to bifid, thus Kg will depend on the concentration of PEP. Hence, 

the slope of the secondary plot will vary with PEP concentration, ie. 

it will be non-linear. This prediction is borne out experimentally 

(fig 32, 33). The intercept of the slope replot allows estimation 

of for the fully activated enzyme, but again the slope is a function 

of Kg, itself a function of PEP concentration by the same arguement as 

above. It would be predicted, and it is found experimentally, that 

the slope of ttiis replot varies vith PSP concentration giving a non-linear 

plot (fig 32, 33). 

Replots of the intercepts found in figures 26 and 27 are linear 

(fig 34) as would be expected if only one form of the enzyme were 

present. The intercepts of the primary plots are all at infinite 

PEP concentrations, conditions where only fully activated enzyme is 

found. From these intercepts linear replots aire obtained and these 

yield values of and for both peaks 1 and 11. A replot of the 

slope;-, seen in figures 26 and 27 cannot be constructed because of the 

non-linearity of the primary plots. The only meaningful slope to 

measure is that at infinite PEP concentration, the point where all the 

enzyme ir in the same form. At any other PEP concentration different 

line", will contain non-equivalent amounts of the enzyme forms, a 

property dependent on both ADP and PEP concentration. Only certain 

constants can be calculated from these plots and they are for the 



126 

activated enzyme, these values are summarised in table 13. 

It will be recalled that only PEP shows multiple interactions 

with the enzyme. Assuming that the rate of reaction is proportional 

tc the number of active sites occupied the rate is give by the Hill 

equation (11). This equation can be used to generate values of n 

from which a straight line plot can be obtained. If it is assumed 

that only one substrate has co-operative effects (which has been shown 

for C.maeuas pyruvate kinase) the analogous equation to equation (ll) 

for a bimoleculcjr reaction is; 

V . -13-

K • K'B" + X"A + AB" 

where K, K' and K" are constants. On taking reciprocals a straight 

line relationship between l/v and i/b"' is obtained; 

1 = 1 + KL 1 + F X + 1 - L -14-

V vi L A j m * yi J b " 

from which values for K, £* and K" can be calculated. The exact 

composition of the complex constants c^not be given, but since equation 

14 is analogous to equation 7 it may be said that K' is related to 

K^, whilst K" is related to Kg. The constant K will be a more complex 

function of these and, possibly, other constants. 

Subjecting C.<naenas pyruvate kinase to this analysis gives a 

straight 3ine relationship between l/v and l/PEP" $s predicted (fig 35 

and 36) when the values of n previously obtained were used. These 

normalised plots show that K" is dependent qn ADP, as was deduced from 

Hill plots. The secondary plots from the normalised plots (fig 37 and 

3 8 ) enabled estimation of K, K' and K" the values of which are listed 

in table 14, The correspondence between the two values of K* implies 

that K is very similar for the two enzyme forms, the absolute value for 

the unactivated enzyme will have to await elucidation of the exact 

relationship of K' with K^. That K" and K* are different is not 

surprising, this is obviously associated with the large difference seen 
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in values of n for the two peaks. In real terms only integral binding 

occur-;, although all the Hill coefficients used were non-integral. 

The full solution for K, KV and K" will involve a matrix containing 

all possible enzyme forms in all possible combinations with PEP. Thus 

the equation describing the event in real terms will be a polynomial 

in PEP, to which.the single value of n used approximates. It is not 

surprising, therefore, that there will be a complex relationship of 

K" with K_. 
D 

A simple example of a single substrate reaction showing substrate 

activation yields equation 15 (Dixon and Webb, 1967) and will serve 

to illustrate the point to be made. 

V = VS —15— 
S + ri + + 

L 

'sa 
S 

K^, aiid are dissociation constants of substrate from ESS^, ES 

and ESg respectively (S^ is substrate combined as activator). The 

reciprocal form of equation 15 is; 

1 = 1 + (l + ^sa I 1 4- ^sa^4 . 1 —16— 

7 V T L " k T J S ? 

2 

and is non-linear because of the S term. At sufficiently high substrate 

concentrations the -last term becomes negligible and the curve 

approximates to a strfeight line. The apparent Michaelis constant 

(l + ), however, will differ from the true consteint by the term 

in brackets. It is only by obtaining the equivalent correction factor 

that values for the true Michaelis constants, and dissociation constants, 

for the miactivated C.maenas enzyme can be obtained from the values of 

K, K' and K" . 

All the experiments reported above were performed on freshly 

prepared enzyme. This is important because it was noticed that kinetic 

changes occurred after storage, in 33% glycerol, at -15°C. Figure 

39 shows the Hill plot obtained for peak 11 after storage for 16 days. 
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The value of n decreased to 1,35 from 1.54 although there was no 

significant difference in ^(PEP) (96|iM and 92iJ,M, respectively). 

These changes may be associated with the observed changes seen on 

electrophoresis and chromatography. 

Influence of FDP on initial velocity 

FDP activation was measured in the presence of a constant, but 

non-saturating, amount of PEP (78|jiM) for both peaks 1 and 11 . The 

results are plotted as a modified Lineweaver-Burke plot where the 

reciprocal of activation (ie. vo/^vppp - Vq) is plotted on the y-axis 

(fig 40). This shows that hyperbolic saturation of the enzyme with 

FDP occurs and that co-operativity is not manifest. In the conditions 

quoted the apparent activation constants were 2.1|j,M and 11.9jiM 

for peaks 1 and 11, respectively. Peak 1, therefore, has a greater 

affinity for FDP; agreeing with the assignment of the two allosteric 

states (r ,md T) with the two peaks. That peak 11 is activated by 

FDP suggests the presence of some activatable material, an idea 

consistent with most observations of peak 11 . If the hypothesis proposed 

is correct and peak 11 spontaneously changes to peak 1, then the 

activatable material in peak 11 should have the same as that found 

for peak 1. This was not found. Kinetic studies on the fully 

activated enzyme prove that peaks 1 and 11 are different forms of the 

same enzyme and so an explanation for this discrepancy must be 

forthcoming. Following the observations of Hess (I97l) it is possible 

that peak .11 enzyme contains some tightly bound FDP, but further sites, 

with higher association constants for FDP, may be available. Binding 

to these sites will cause a further small activation to the fully 

activated form, but with a higher apparent activation constant. 

FDP shows heterotropic effects on the homotropic binding of PEP 

(fig 41). In the absence of FDP peeik 1 enzyme shows marked 

co-operativity which is abolished on addition of 500|lK FDP. The FDP 
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activates the enzyme by decreasing the K (PEP) by just over one 
u» > 

order of magnitude; there being no significant change in V^. This 

result is identical ;to that found for the rat liver enzyme (Rozengurt 

et al., 1969) and the yeast enzyme (Haeckel et al., 1968). This suggests 

a conformational change of the 'K' type as defined by Mbnod et ed,, 

(1965). The binding of FDP has no effect on the binding of ADP to 

the enzyme, hyperbolic saturation kinetics with similar values were 

obtained in both cases. This is unlike the situation seen for the 

yeast (Haeckel et al., 1968) and Mucor rouxii (Terenzi et al, 1971) 

enzymes where ADP is an homotropic activator. 

ADF-PEP Velocity Relationships of the FDP Activated Enzyme 

Initial rate studies of the fully activated enzyme, achieved by 

addition of SOOfiM FDP, were performed. From these studies values of 

the kinetic constants were obtained, as previously outlined, for both 

peak 1 and 11 enzyme. Figures 42, 43, 44 and 45 show the fit of the 

data to equation 7. These four graphs all show a series of converging 

straight lines, indicating that the mechanism is linear and sequential 

in type. The phosphate group is transferred from the PEP to the ADP 

at the active site after formation of a ternary complex. Figures 46, 

47, 48 and 49 show the secondary plots of intercepts and slopes 

against the reciprocal of the second substrate. The kinetic constants 

obtained from the^e plots are given in table 15, Comparison of the 

values obtained for peaks 1 and 11 show; that they are identical, 

within experimental error. This evidence, in conjunction with the 

chromatographic and electrophoretic evidence, confirms that peaks 1 and 

11 are different forms of the same enzyme. 
J I 

The average values of the kinetic constants, combining the results 

for both peaks, ape given in table 16, It is evident that 

(within experimental error) which will explain the finding that the 

lines in this series of primary plots all cross on, or very near, the 
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x-axis. This caii be the result of either the fortuitous identity 

of the relevant kinetic constants or as for this enzyme that = K^. 

Product inhibition studies (Cf) show that the substrates combine in 

random order, hence there is no leading substrate which would otherwise 

need to be identified before the dissociation constants above could 

be calculated. It may be seen from table 16 that Kj: ̂  and 

KiB = Kg, a finding associated with, but not necessarily related to, 

rapid equilibrium mechanisms. 

It was found that in the absence of PDF the apparent K for one 
m 

substrate depended on the concentration of the other, a case possibly 

due to inequality in K. and K_. That this may infer a change in 
XO D 

enzyme mechanism cannot be substantiated, however, because of the 

multiple interactions of PEP with the enzyme. The unactivated enzyme 

would need to be studied to prove, or disprove, this; unfortunately 

variation of PEP cdters the activation state of the enzyme. The intercept 

effects are seen at infinite concentrations of PEP, where only fully 

activated enzyme is present. A change in reaction mechanism is not 

necessary to describe the results obtained. The values of individual 

rate constants may alter within the framework of one mechanism. The 

change seen in the constants may be the result of a change in just one 

(or a few) of the rate constants as no change is observed in or 

on adding PDP, 

From the observed (in units/unit pyruvate kinase) and assuming 

that the molecular weight is 193,000, that there is only one active 

site per molecule and that the specific activity of the pure enzyme is 

350 the turnover number was calculated as 8,7 x 10^ min"^ at 25°C, 

This compares with figures of 3.68 x 10^ min"^ for the FDP activated 

yeast enzyme (MScFarlane and Ainsworth, 1972) and 6.49 x 10^ min~^ 

for the rabbit muscle enzyme (Ainsworth and MacParlane, 1973) at the 

same temperature. The maximal turnover number of the latter enzyme at 



131 

pH 7.5 and 29°C was 1,8 x 10^ min ^ (Mildvan and Cohn, 1965). These 

figures were calculated using the known molecular weights of the 

respective enzymes and assuming that the yeast and rabbit muscle enzymes 

have one and two active sites per molecule, respectively. As with 

other enzymes, eg. triose phosphate dehydrogenase (Alison and Kaplan, 1964), 

it can be seen that there is a close correspondence between the 

turnover numbers measured for pyruvate kinases from an evolutionary 

wide range of species. That C.maenas pyruvate kinase was studied at 

pH 7.4 whilst the other enzymes were studied at pH 6.2 or pH 7.5 means 

that it is not possible to comment in any detail on the significance 

of the values qu6ted for the different species. 

A comparison of the kinetic constants is given in table 17. 

The studies of Ainsworth and MacFarlayie (1973) and MacFarlane and 

Ainsworth (1972) on the muscle and yeast enzymes, respectively, included 

the interaction of Mg"̂"*" with the enzyme. The values of the kinetic 

constants given by these workers, therefore, refer to the combination 

I 

of the free substrates and not the Mg-chelates. It is uncertain what 

the true substrate for pyruvate kinase is, Melchior (1965) concluded, 

as a result of kinetic studies, that MgADP~ was the true substrate for 

the rabbit muscle enzyme, Mildvan and Cohn (1966), in contrast, suggested 

that ADP reacts in both its free and Mn chelate form. Reappraisal of 

this data by Cleland (1967) led to the opposite conclusion that MnADP" 

is the true substrate and that neither Mn"*"̂  nor ADP^~ will combine 

with the enzyme. Recent evidence (Ainsworth and MacFarlane, 1973) 

has been interpreted as meaning that the true substrates are ADP and 

Mg** and that MgADP does not combine with this enzyme. 

If free ADP^~ were the true substrate an explanation for the Mg** 

inhibition seen by Ainsworth and MacFarlane (l973) and Melchior (1965) 

is readily available. Nevertheless, Reynard and co-workers (1961) did 

not observe any Mg"*"*" inhibition in their studies, Mg"*"*" inhibition was 

seen with C,maenas pyruvate kinase ( fig 50), The slight displacement 
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in the plots seen when different magnesium salts were used can be 

explained by the differences in thermodynamic activity of the Mg"*"*" 

in the different salts. This suggests that it is Mg"*"*" that is inhibitory 

and not the counteranion, although the possibility that the counteranion 

is having some effect cannot be eliminated. It must be remembered 

that both the rabbit muscle (Melchior, 1965) and C,maenas pyruvate 

kinases are inhibited by increasing ionic strength and part of the 

Mg** inhibition will undoubtedly be due to such inhibition by the 

divalent magnesium salts. 

It is unknown whether ADP^" or ADPMg" is the true substrate for the 

C.maenas enzyme. At a constant free metal ion concentration, however, 

the two species are in constant ratio so it is immaterial whether the 

3"* 

reciprocal velocity is plotted against the reciprocal of ADP^, AD? 

or ADPMg". The relevant constant ceui be calculated once the true 

substrate is known. As pointed out by Ainsworth and MacFarlane (1973) 

it is a valid strategm to regard pyruvate kinase as a two substrate 

reaction, at saturating magnesium concentrations, provided that 

saturation is achieved and maintained in the presence of varying amounts 

of substrates, and provided that it is recognised that the Mg"̂ ^ forms 

a complex with the enzyme, taking the role of free enzyme in the normal 

two substrate reaction. Figure 50 shows that the apparent for 

C.maenas pyruvate kinase in the presence of 38^M PEP, 110|iM ADP and 

500M,M FDP is 550iiM, In the experiments reported in this thesis 8mM 

MgSO^ was added, which is 14,5 times greater that the apparent 

equivalent to 94% saturation. At higher levels of MgSO^ appreciable 

inhibition was seen (fig 50), In the presence of 8mM MgSO^ the 

variation in Mg"̂ "*", due to chelation by the varying substrates, was less 

than 5% (ie. within experimental error). 

Product Inhibition Studies 

In product inhibition' studies the high concentrations of ATP 
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employed, coupled to the relatively high affinity of ATP for meant 

that appreciable variation in the free Mg^^ could occur. This variation 

was limited by using the buffer MgtKgGlycerol-l-phosphate), which 

has a dissociation constant of Mg^^ from the salt of 1.6 x 10 

(Beyer, 1969). The free Mg"'"'' concentration was buffered at 8mM in the 

presence of 24.7mM total magnesium. 

Analysing the effect of adding varying amounts of one product on 

the initial rate of the forward reaction can give much information 

regarding the mechanism Of a reaction (Cleland, 1963a;b;c). There are 

many possible mechanisms for a Bi-Bi reaction, some of which are 

illustrated below using the shorthand notation of Cleland (1963a). 

a) Ping-Pong eg. pyridoxal phosphate dependent aminotransferases 

A P B O 

— E — 1 _ — F JL E 

(EA-I^) (PB-EQ) 

This model has already been eliminated as a possibility for the 

mechanism of C.maenas pyruvate kinase as converging lines are obtained 

in both primary plots. This implies that the phosphate is transferred 

in a ternary complex. Some routes by which this complex can be formed 

are shown in (b), (c) cind (d) below. There is a special case of (d) 

where the rate limiting step is the conversion of the (EAB) central 

complex into the (EPO) complex with a:ll bindings of substrates, and 

dissociation of products, occurring in equilibrium conditions, 

b) Ordered Bi-Bi eg, lactate dehydrogenase 

A B P Q 

I / I . ; T T 
E EI (eab-epq; bq~ 1 

c) Theorell-Chance eg. liver alcohol dehydrogenase 

A B_ mP Q 

E EA EQ E 



134 

d) Random Bi-Bi Creatine kinase is an example of a Rapid Equilirium 

random Bi-Bi enzyme. 

< EAB-EPQ 

Calculation of the overall rate equations for these, and other, 

mechanisms show that there are distinctive product inhibition patterns 

to be expected as each of the substrates is varied in the presence of 

one of the products. Comparison of the experimental data with that 

predicted by the various models allows selection of a compatible kinetic 

model. 

Figures 51, 52, 53 and 54 show the results from product inhibition 

studies on C. maenas pyruvate kinase in which single products were added 

to peak 1 enzyme in the FDP activated state. The inhibition between 

both products and PEP (fig 51, 53) is clearly competitive indicating that 

the products are released randomly{ because of this the linearity 

observed in the double reciprocal plots further demonstrates that the 

enzyme and enzyme-product complexes are in equilibrium with one another. 

When ADP was varied it was observed that ATP acts as a competitive 

inhibitor (fig 52) in accordance with a rapid equilibrium mechanism 

(the special case of (d) above). If this mechanism were valid for this 

enzyme one would predict competition between pyruvate and ADP. It was 

found, however, that this product-substrate pair exhibit non-competitive 

inhibition (fig 54). This is compatible with a rapid equilibrium 

random mechanism where pyruvate forms a dead-end complex with enzyme-ADP. 

Equation 5 is the full rate equation for a rapid equilibrium random 

bi-bi mechanism with one dead-end complex. The reciprocal forms of this 

equation, equations 17, 18, 19 and 20, can be seen to incorporate all 

the features of the experimentally determined plots. 
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If one looks at equation 18 it can be seen that, at non-saturating 

PEP, an intercept and a slope effect between ADP and pyruvate should 

be seen (ie. non-competitive inhibition). Satuaration with PEP, however, 

removes both the slope and intercept effects such that equation 18 

simplifies to;-

1 = _1. + 
V 

fA.1 
A 

- 2 1 -

where the initial velocity is independent of the presence of pyruvate. 

This experiment was performed, using 2.3mM PEP to saturate the enzyme 

(approximately 68 times the observed and hence 98.5% saturation). 

Figure 55 shows that both the slope and the intercept effects of the 

pyruvate inhibitToo were abolished. In conclusion, therefore, the 

initial rate studies of C. maenas pyruvate kinase are compatible with 

a rapid equilibrium random bi-bi mechanism with one dead-end complex, 

namely Enz-ADP-pyruvate. 

Secondary plots of slopes and intercepts against inhibitor 

concentration were used to obtain values for the three inhibitor constants, 

one for ATP and two for pyruvate (fig 56, 57, 58 and 59). The intercepts 

and slopes of the secondary plots not used to calculate these inhibitor 

constants were used as an internal check on the kinetic constants 

previously determined (table 17). There is agreement between many of 

the calculated intercepts and those found experimentally. Some 

discrepancy is seen in the values obtained when pyruvate was the 

product inhibitor, however. Reference to figure 53 shows that there 
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appears to be the start of an intercept effect at high pyruvate 

concentrations, although the mechanism predicts purely competitive 

inhibition. 

The possibility of a second dead-end complex involving pyruvate 

follows from this observation and from the observation that the slope 

variation with pyruvate in the inhibition of ADP is non-linear. 

Formation of a pyruvate-enzyme-pyruvate dead-end complex adds the term 

P 
ia b . P to the denominator of equation 5 (Ki is the dissociation 

KipKp 

constant of pyruvate, not on the catalytic pathway, from the pyruvate-

enzyme-pyruvate complex). This manifests itself as a binomial 

function of P in the s].ope replots against both substrates, and hence 

non-linear slope replots against pyruvate. Of other possible pyruvate 

dead-end complexes PEP-enzyme-pyruvate only adds a linear BP function 

to equation 5. 

Other discrepancies to the rapid equilibrium random bi-bi (with 

one dead-end complex) mechanism proposed included the observation of 

substrate inhibition by PEP and the increase in apparent in the 

presence of 2,4mM PEP. These effects can most readily be explained 

if a PEP-enzyme-PEP complex can form at high concentrations of PEP by 

further combination of PEP. It is likely that pyruvate will mimic 

PEP by binding to this second site and form an analogous pyruvate-

enzyme-pyruvate dead-end complex. Formation of these two complexes 

will explain most of the discrepancies seen in the product inhibition 

studies as mentioned. The exception is that only one non-linear 

slope replot is obtained against pyruvate. This, however, may be 

associated with the relative magnitudes of inhibitor constants and 

the concentration range of pyruvate studied. 

Reversal of Reaction 

Attempts were made to study the reverse reaction as several 

interesting points can only be investigated in this way. For instance. 
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'ioer; either pyruvate or ATP show homotropic co-operative effects ? 

Such a study would also confirm the values of the inhibitor constants 

found for the forward reaction. Using the direct spectrophotometric 

assay of Pon and Bondar (1967) no measurable reaction occurred. It was 

possible that equilibrium was quickly established and so creatine 

phosphate and creatine kinase were added to recycle the ADP, but was 

unsuccessful, Kemp (l973) recently reported, however, that creatine 

phosphate is a potent inhibitor of rabbit muscle pyruvate kinase. 

This investigation will, therefore, have to await the advent of a more 

sensitive, possibly radiometric, assay. 

Conclusion 

C. maenas pyruvate kinase exhibits positive homotropic 

co-operativity with respect to PEP. This co-operativity was 

abolished by the activator FDP, Initial rate studies, in the presence 

and absence of FDP, proved that peaks 1 and 11 are two forms of the 

same enzyme. Product inhibition studies revealed that the reaction 

mechanism is consistent with a rapid equilibrium random bi-bi 

mechanism with one.dead-end complex, namely enzyme-ADP-pyruvate. 

Slight deviations from the predicted results can be explained if 

pyruvate-enzyme-pyruvate and PEP-enzyme-PEP dead-end complexes can 

also form. All enzyme complexes can form randomly and exist in 

equilibrium with themselves and all other complexes. The rate limiting 

step is the transfer of phosphate from PEP to ADP. 
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Table 13 

Kinetic constants calculated from figures 32, 33 and 34 for 

C.maenas pyruvate kinase in the absence of PDF. 

Constant Primary Plot Peak 1 Peat 11 

V ADP 1.58 units/unit 0.177 (OD units) 

PEP 1,34 " " 0.153 " 

K A W 85W* 93^M 

PEP 67UM 108|J.M 
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Table 14 

Values of K, K' and K" calculated from the normalised primary 

plots for peaks 1 and 11. No FDP was present. 

Constant 

V 

K 

K' 

K" 

Peal 1 

2,14 units/unit 

84.5UM 

314^M 

37HM 

Peak 11 

0.336 (OD units) 

19.7UM 

316^M 

181^M 
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Table 15 

Values of the kinetic constants for the fully activated enzyme. 

Peak 1 

Primary Plot 

PEP 

ADP 

Replot 

Intercept 

Slope 

Intercept 

Slope 

Constant 

V. 

K. 

iB 

V. 

KiA 

Value 

1.25 units/unit 

93HM 

34.4pM 

39.6pM 

1,11 units/unit 

30.5|iK 

SOpH 

104|iM 

Peak 11 

Primary Plot 

PEP 

Replot 

Intercept 

ADP 

Slope 

Intercept 

Slope 

Constant 

V 
1 

Â 

K 
iB 

^1 
I 
B 

^A 

KiA 

Value 

1.35 units/unit 

lOS^M 

29.7KM 

34.7pM 

1.39 units/unit 

40|Jl{ 

111HM 

85HM 
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Table 16 

Average values of the kinetic constants shoivn in table 15. As peak 1 

enzyme in the presence of 500|iM FDP was the same as peak 11 enzyme all 

values obtained were combined so as to give a more reliable 

estimate of the standard error. 

Constant Average Value 

(units/unit) 1.28 ± 0.06 (4) 

97.3UM± 6.9 (4) 

Eg 3 3 . 7 ^ ± 2.4 (4) 

CiA 94.5UM (2) 

KiB 37.8^4 (2) 

Results are expressed as mean ± the standard error, the number of 

observations are given in brackets. 
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Table 17 

Comparison of kinetic constants found for different pyruvate kinases. 

The work of Ainsworth and MacFarlane (l972) and MacFarlane and 

Ainsworth (l973) refers to the binding of ADP^~ and not the total 

or magaesium-chelated species. 

Constant 

'Mg 

Rabbit Skeletal Muscle Yeast 

(1) (2) (3) 

42.5UM 210UM 40.9pM 

30.1UM 32^M 37.6UM 

1.2mM - 1.69mM 

C.maenas 

97HM 

33. 7|iM 

"iP 

IP 

^iQ 

12.6mM 

0.21-8. 8mM* 

2. ImM 120̂ lM 

6 .49 X 10^ 

1 2. 5mM 

21.6mM 

1,45mM 

336UM 

254IJ.M 

137UM 
252WM 

3.68 X 10^ 8 .7 X 10^ min ^ 

* Various constants for this dissociation constant from 

different enzyme substrate complexes are given. 

References (l) Ainsworth and MacFarlane (1973) 

( 2 ) Reynard et al., (1961) 

( 3 ) MacFarlane and Ainsworth (l972) 
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Figure 23 Dependence of initial rate on enzyme concentration. 
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Figure 28 Hill plot of the data in figure 26 
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Figure 29 Hill plot of the da ta in figure 27 
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1.0 

Figure 31 Hill plot of data in figure 25 
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Figure 35 Normalised Lineweaver-Burke plot for peak, 1. 
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Figure 36 Normalised Lineweaver-Burke plot for peak 11. 
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Figure 39 Hill plot showing effect of 16 days storage 

on peak 11 enzyme. ADP = 230|iM 
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Figure 40 Determination of activation constants for 

' PDP, peaks 1 and 11. = 220uM, PEP = 78uM. 
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Chapter 6 

ALLOSTERIC CONTROL OF C.MAENAS PYRUVATE KINASE 

A study of levels of intermediary metabolites in perfused liver 

has located the rate limiting step of gluconeogenesis from lactate 

as being situated between pyruvate and PEP (Exton and Park, 1969). 

The conversion of pyruvate to PEP by a reversal of pyruvate kinase is 

not energetically favourable (McQuate and Utter, 1959). The rate of 

reaction of the liver enzyme in the reverse direction has been measured 

as being 550 fold less than that of the forward reaction (Seubert and 

Huth, 1965), and it is 150-200 fold less for the muscle enzyme (McQuate 

and Utter, 1959). The maximal capacity for PEP synthesis by the 

reversal of pyruvate kinase is, therefore, a small fraction of that 

needed for effective gluconeogenesis. The reaction sequence involving 

pyruvate carboxylase and PEP carboxykinase (Scheme 1) has been 

Scheme 1 Glucose 

gluconeogenesis glycolysis 

PEP 

CO / \ ADP ' pyruvate kinase 

GDP(lDP)^|^g 1 ^ 4 ^ ^ Pyruvate carboxylase 

GTP(lTP) — 2 \ ^ A T P 3 PEP carboxykinase 

Oxaloacetate 4 — — P y r u v a t e 
ADP ATP TO 2 

characterised as the main route of PEP synthesis from lactate and 

pyruvate in liver (Utter, 1963; Seubert and Huth, 1965). This pathway 

allow'3 the formation of a substrate cycle involving PEP (Scrutton and 

Utter, 1968). Regulation of one, or more, of the enzymes in this 

'futile' cycle will limit the amount of substrate recycling, and at the 

same time direct the metabolic intermediates into one of the opposing 

pathways. 

Weber and co-workers (1967a) have reported that the pyruvate kinase 

activity in liver exceeds the PEP synthetic capacity of the pyruvate 

carboxylase-PEP carboxylase pathway by 25:1. If pyruvate kinase were 
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the only regulatory site at least a 25 fold variation in activity 

would be expected,. 

Studies on the allosteric type L pyruvate kinase have shown that 

it is susceptible to control by effectors, notably FDP, ATP and alanine 

(see review by Seubert and Schoner, 1971). Indeed, it has been proposed 

that modulation of this enzyme is due to changes in FDP levels 

counteracting the inhibition exerted by ATP and alanine (Llorente et al., 

1970; Schoner et al., 1970). The activity of liver pyruvate 

carboxylase is susceptible to control by effectors; AcCoA being an 

allosteric activator of the 'V type of Monod and co-workers (l965; 

Scrutton et al., 1965). In the absence of AcCoA the enzyme shows 

0,04% of the maximal rate obtained in its presence; showing the 

potential control available. It would appear that control of PEP 

recycling in liver is mediated by variations in activity of both 

pyruvate kinase and pyruvate carboxylase. 

Investigation of Possible Allosteric Effectors 

Liver pyruvate kinase is activated by fructose-1-phosphate and 

other sugar phosphates at low concentrations of PEP (Weber et al., 1968); 

of these FDP is the most effective. Koster and co-workers (1972) have 

shown that an analogue of FDP, glucose-1,6-diphosphate, is an activator 

of hepatic pyruvate kinase with a potency only slightly less than FDP. 

These workers propose that it is variations of glucose-1,6-diphosphate 

which modulates pyruvate kinase and not variations in FDP. Glucose-1,6-

diphosphate, however, will not activate the yeast enzyme (Haeckel et al., 

1968) 

Of the hexose mono- and di- phosphates investigated only FDP 

caused a large increase in the activity of C.maenas pyruvate kinase; 

glucose-1,6-diphosphate was without effect (table 18). Fructose-6-

phosphate did cause a 6% stimulation in rate, but the sample had not 

been assayed for FDP. As none of the mono-phosphates were effective 
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activators it would appear that both the phosphate groups and the 

fructose are required to fit the binding requirements of this enzyme. 

The specificity of the C. maenas enzyme for the activator is obviously 

different to that of the rat liver enzyme, showing similarities to the 

yeast enzyme. 

The studies in Chapter 5 show that both ATP and pyruvate inhibit 

C.maenas pyruvate kinase; as expected for reaction products. The in 

vivo variations of these two metabolites, especially ATP, are small. 

Furthermore, the variations in the ATP/ADP ratio do not always correlate 

with changes in the relative rates of glycolysis and gluconeogenesis 

(Schoner et al., 1970; Tarnowski and Seaman, 1967). A search for other 

possible negative modifiers of liver pyruvate kinase revealed that 

L-alanine inhibits in a physiological concentration range (Seubert et al., 

1968; Weber et al., 1968), A study of these known modifiers of 

pyruvate kinase, and other possible candidates, on the activity of 

C.maenas pyruvate kinase was, therefore, undertaken. 

In the absence of PDF the purified C.maenas enzyme (method B) 

was inhibited by both L-alanine and L-serine; alanine being the most 

effective (Table 19). Llorente and co-workers (1970) observed inhibition 

of type L pyruvate kinase by serine, a close analogue of alanine, but 

they concluded that the inhibition was of doubtful physiological 

significance. The amino acids tested in the present study include 

those closely related to glycolytic intermediates and which in addition 

are gluconeogenic substrates (alanine, serine) and those that are 

present in high concentrations in C.maenas muscle (proline, arginine 

and glycine) (Duchlteau et al,, 1959). Amino acid analysis confirmed 

that these three amino acids are present in large amounts in 

hepatopancreas. Citrate and succinate were without significant effect 

on the C.maenas enzyme. 
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Seubert and Schoner (l97l) suggested that the differences between 

results of alanine and ATP inhibition of type L enzyme reported by 

Llorente and co-workers (1970) and by Schoner and co-workers (l970) 

were the result of a partial desensitisation of the enzyme which 

occurred on purification, as carried out by the latter workers. The 

effects of possible modifiers was repeated on C.maenas pyruvate kinase 

present in a 100,000g hepatopancreas supernatant. The results confirmed 

that both serine and alanine are inhibitors, although they were not as 

effective as on the purified enzyme (table 20), None of the other 

amino acids tested had any significant effect on enzyme activity. AMP, 

citrate and succinate showed inhibitory actions not seen with the 

purified enzyme. These effects were only seen on addition of high 

concentrations of the compounds, outside the expected physiological 

range, and so are presumably not of physiological significance. 

Both FDP and glucose-1,6-dipho^hate stimulate the crude enzyme 

(table 20) The effect of glucose 1,6~diphosphate was less than that of 

FDP and the presence of higher (non-physiological) concentrations did 

not achieve the stimulation observed with physiological concentrations 

of FDP. In conclusion these studies indicate that FDP and alanine 

are the likely heterotropic modifiers of C.maenas pyruvate kinase, 

paralleling the results found for the mammalian type L enzyme. A study 

of the interactions of these modifiers with the enzyme was, therefore, 

warranted. 

Intracellular Concentrations of Substrates and Effectors in Hepatopancreas 

The concentration of substrates and effectors in a tissue influence 

the rate of an enzymic reaction j£i vivo. It is only with a knowledge 

of the physiologically encountered range of ligands that the results 

of iji vitro experiments can be extrapolated to the likely î i vivo 

situation. It has been shown that in C.maenas amino acid levels 

(Duch^teau et al., 1959), incorporation of 2- C acetate into 
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tricarboxylic acid cycle intermediates and oxygen uptake (Huggins and 

Munday, 1968) vary in response to external salinity. Possible changes 

in the levels of substrates and effectors in hepatopancreas were, 

therefore, investigated in animals acclimated to 50% and 100% sea 

water. 

Estimation of the three adenine nucleotides revealed little 

difference between animals acclimated to 50% and 100% sea water (table 

21). The only statistically significant difference was the increase 

in AMP seen after acclimation to 50% sea water. In either salinity 

there was no significant difference in the total hepatopancreatic 

nucleotide pool, although both were lower than that found in rat liver, 

3.39|Jjnoles/g wet weight (Hawkins et al., 1973). In spite of the 

difference in absolute amount there are no differences in the 

relative amounts of nucleotides present in liver and hepatopancreas 

(table 21). 

Estimates of the hepatopancreatic PEP, pyruvate, FDP and glucose-

1,6-diphosphate concentrations are given in table 22. These values 

are similar to those in the literature for mammalian tissues. PEP has 

been estimated to have an intracellular concentration of 130^M in rat 

liver (Burch, 1965; Williamson et al., 1966) with variations between 

31nmoles/g (Schoner et al., 1970) and 79nmole^/g (Hawkins et al., 1973) 

being reported. This wider variation makes PEP a likely vivo 

modulator of the enzyme. In rat liver variation between 3nmoles/g 

FDP (Hawkins et al., 1973) aad 17 nmoles/g (Eggleston and Woods, 1970) 

have been quoted. These figures overlap the range 5-20}j,M for the 

variations seen in FDP in rat liver on passing from a fasted to a fed 

condition (Koster et al., 1972). Within this range modulation of 

liver pyruvate kinase activity occurs vitro. In C.maenas 

hepatopancreas there was less FDP, only 0.8nmoles/g (table 22). 

The concentration of glucose-1,6-diphosphate found in hepatopancreas 
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(lOnmolcu/g) is very similar to the concentration (15^M) found in 

rat liver (Koster et al., 1972) 

Estimates of the intracellular pools of amino acids, and in 

particular alanine, were only obtained for four animals; two animals 

acclimated to 50% and two to 100% sea water. No statistical analysis 

was made and the individual estimates of alanine are given in table 

23. Large variations in alanine are known to occur in C.maenas tissues 

in response to external salinity (Duchateau et al., 1959)* The 

present results confirm these findings; that an increase is only seen 

in one of the animals acclimated to 50% sea water cannot be explained. 

Reported rat liver alanine content varies from 412 nmoles/g 

(Schoner et al., 1970) to 2.55mM (Jefferson et al., 1972). 

Table 24 summarises the concentrations of ligands found in 

hepatopancreas. In order to calculate these figures the intracellular 

water space was assumed to be 0.5m^/g wet weight tissue. In many 

cases the concentrations in C.maenas are equivalent to those found in 

rat liver, but the total adenine nucleotide pool and FDP level are 

smaller and the alanine concentration is higher. 

Effect of Energy Charge on the Pyruvate Kinase Reaction 

Atkinson and Walton (1967) suggested the use of a parameter called 

energy charge to describe the energy balance of the nucleotide 

phosphates in the cell. This parameter is designed such that it varies 

from a value of 1.0 (all AT?) to 0.0 (all AMP). Physiologically this 

parameter has a value of 0.8 to 0.9 in rat tissues and grossly 

unphysiological techniques are required to produce fluctuations outside 

this range. Many workers regard the physiological variation as being 

between 0.8 and 0.85. 

Over the time scale of kinetic control the total intracellular 

adenine nucleotide pool is constant; thus an increase in one nucleotide 

species requires a proportional reduction in the others. Measurement 
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showed that the in vivo concentration of the nucleotides in 

hepatopancreas is of the order of ImM and that the energy charge is 

0.8-0.82 (table 21). The effect of varying PEP at various ATP/ADP 

ratios (at a constant ImM total nucleotide) on purified C.maenas 

pyruvate kinase was investigated. In the absence of ATP, PEP showed 

positive homotropic co-operativity (as shown by a Hill coefficient 

of 1.48, figure 60), As the proportion of ATP in the nucleotide pool 

was increased the PEP lost its homotropic interactions (n tended to 1) 

and there was an increase in ^(PEP), 

At an energy charge of 0.85 some homotropic co-operativity was 

still evident (n = 1.15), suggesing that a control occurred. 

Simultaneous variation of the energy charge from 0.75 to 0.9 (which is 

unlikely in the cell) and of PEP from 200-50liM resulted in a maximal 

variation in the rate of the reaction of 5.4 fold. This is smaller in 

the likely physiological energy charge range (0.8-0.85) where only 

just over a halving of the rate occurred. 

These experiments were performed in the absence of FDP, a non-

physiological condition itself. The experiments were, therefore, 

repeated in the presence of saturating FDP to obtain the other limiting 

case. As expected no homotropic co-operativity with PEP was seen 

(fig 61). The maximal possible variation in rate as the energy charge 

varied between 0.75 and 0.9 and the PEP from 200-50pM was only 4.4 fold. 

Plots of energy charge against pyruvate kinase activity show the 

characteristic convex down plot described by Atkinson and Walton (1967). 

The studies of Purich and Fromm (1972; 1973) suggest that the shape of 

these plots can be misleading, and that they 'depend upon the relative 

influence of a number of experimentally adjusted factors'. Furthermore, 

they conclude that some enzymes, including erythrocyte pyruvate kinase, 

may not be effectively modulated by adenylate energy charge. A 

conclusion which must be drawn for C.maenas pyruvate kinase as a result 
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of these studies. It should be pointed out that a plot of FDP activation 

at various PEP concentrations, as a function of energy charge shows that 

the effect of FDP becomes less as the energy charge increases (fig 62). 

It is as if the ATP favours formation of an activated enzyme form, 

before inhibition occurs. In a later section it is indeed found that 

ATP stimulates the enzyme in certain conditions. Interpolation of 

figure 62 shows that at an energy charge of 0.8 and a PEP concentration 

of saturation with PDF caused a 1.4 fold increase in rate. 

Variation of FDP in vivo will, therefore, only have a slight stimulatory 

effect on the enzyme. The presence of ATP, however, may be permissive 

for other effectors allowing greater modulation of activity. 

Effect of L-alanine 

The effect of L-alanine, in the absence of ATP and at various FDP 

levels, shows that the positive effector will overcome alanine 

inhibition(fig 63), as will high concentrations of PEP (fig 64). 

The positive effector causes a shift in (alanine) towards higher 

concentrations as is predicted by the concerted model of allosteric 

control (fig 65). Co-operative binding of alanine to the C.maenas 

enzyme was not seen, except on one line (fig 65),in opposition to the 

prediction of the allosteric model that the co-operative effects 

should be strengthened (ie. Hill coefficients increasing) in the 

presence of the positive modifier. 

Llorente and co-workers (l970), using crude enzyme extracts,found 

significant differences in the effects of alanine (and ATP) to those 

found by Schoner and co-workers (1970), The former workers found that 

alanine was a far stronger inhibitor of pyruvate kinase in rat liver 

homogenates than ATP. Concentrations of only lOO^M alanine and 500|iM 

ATP were sufficient for a 50% inhibition of the enzyme, suggesting 

that vivo considerable inhibition occurs. Both groups found that 

FDP was antagonistic to either ATP or alanine inhibition. As mentioned 
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earlier these discrepancies led Seubert and Schoner (l97l) to suggest 

that a partial desensitisation of the enzyme occurred on purification. 

It was not unreasonable, therefore, to investigate a similar phenomenon 

using the C.maenas enzyme. 

Repeating the experiments on fresh 100,000g supernatants showed 

that a desensitisation was occurring (fig 66, 67). Increasing the 

concentration of the positive effector, FDP, caused a marked strengthening 

of the co-operative binding of alanine; the Hill coefficients increasing 

from 0.87, in the absence of FDP, to 4.2, in the presence of 3»3liM FDP. 

FDP relieved the alanine inhibition of the purified enzyme and 

extrapolation to saturating alanine concentrations showed that the 

effect of FDP was competitive. Extrapolation to saturating alanine 

indicates a small, but finite, rate when purified enzyme was used, 

presumably due to the formation of an enzyme-alanine complex retaining 

limited catalytic activity, which was the same for all FDP concentrations 

employed. The effect of FDP on the crude enzyme, however, was not 

completely reversed on extrapolating to infinite alanine. In this case 

the effect is unidirectional; FDP will overcome alanine inhibition 

although the reverse is not true. This indicates a significant 

difference in the enzyme species present in the two preparations. 

That the purified enzyme retained co-operative interactions towards 

PEP, but not alanine, ATP or FDP, implies that there are different 

allosteric centres for these ligands. The crude enzyme showed 

co-operativity with respect to PEP, FDP, ATP and alanine (see later 

section for FDP and ATP) indicating that some changes do occur on 

purification or storage. That alanine and ATP were always inhibitory 

and FDP always activated, suggests that it is the transmission of 

site-site interactions for the ligands that are affected, and not their 

binding ability. 
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The variation in (alanine) seen for the enzyme in the 100,OOg 

supernatant does not follow a regular increase as expected (fig 6?). 

An explanation may be that figure 67 is compiled from data obtained 

from two 100,000g supernatants. The data for any one enzyme preparation 

(either O.O^M and 2\M FDP or 1 jiM and 3.3|iM FDP) does show the trend of 

increasing ^(alanine) v/ith increasing PDF. Variation of the 

degree of activation and/or partial desensitisation of the enzyme 

present in these supernatants may be responsible for the variable 

results. 

Effect of ATP on Pyruvate Kinase 

The effect of ATP, in the presence of approximately physiological 

concentrations of ADP, was investigated using a lOO.OOOg supernatant. 

In the absence of other effectors a biphasic action was obtained (fig 

68). There was an approximate doubling of rate on addition of low 

concentrations of ATP (2mM) followed by the expected inhibitory phase. 

No initial stimulation was seen in the presence of either FDP or 

alanine. Furthermore, in the presence of these effectors, the Hill 

coefficients for ATP inhibition was unity as opposed to the value of 

2,25 seen in their absence. In the concerted allosteric model one 

would predict an increase in n on addition of FDP, but a decrease on 

addition of alanine. The interactions of ATP and the relationship 

between ATP and FDP do not correlate with the predicted effect. 

A marked decrease in ^(ATP) occurred in the presence of either 

alani ne, K (ATP) = 2.85mM, or FDP, K (ATP) = 0.62mM, compared to 

that seen for the ATP inhibitory phase obtained in the absence of 

effectors, ^(ATP) = 5.4mM. The effect of ATP on the yeast enzyme is 

similar to that found for the C.maenas enzyme as stimulation was 

observed in the presence of low concentrations (2.5mM) of ATP 

(Maeckel et al.,1968). These effects cannot be accomodated by the 

Monod concerted allosteric model but can be explained by the 'induced-
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fit'model of Koshland and co-workers (1966). 

Effect of Alanine at a Constant Energy Charge 

Alanine inhibition was investigated in the presence of ADP and 

ATP using a 100,000g supernatant. Variation of the total nucleotide 

pool (at an energy charge of 0.85) had little effect on the measured 

rate^ (fig 69). Lowering the PEP concentration made the enzyme more 

susceptible to alanine inhibition, as one would predict using the 

allosteric model (fig 70). 

Further investigations into the effect of alanine were performed 

at various PEP and FDP levels. To simplify the investigation only 

two concentrations of alanine were used, O.OmM and lOmM. The histograms 

in figure 70 indicate that at high (224|iM) or low (45|1M) PEP 

concentrations, plus or minus 2iiM FDP, increasing the size of the 

nucleotide pool caused an increase in enzyme activity; presumably due 

to the increase in ADP concentration having a greater effect than the 

increase in ATP. Addition of lOmM alanine (hatching) resulted in 

varying degrees of inhibition. AT high PEP concentrations little 

variation in relative inhibition was seen (fig 71); the tendency is 

for slightly slower rates to be found as the nucleotide pool increased 

in size. The influence of FDP on the modulation of enzyme activity 

is not very explicit; stimulation, no effect and inhibition of rate 

all being found with the three nucleotide pool sizes used. When the 

lower PEP concentration was used much larger variations in rate were 

seen, in this case FDP effectively reversed the alanine inhibition 

(fig 72). It is possible that FDP and PEP jointly modulate the 

C.macnas pyruvate kinase activity. 

In absolute terms the data of figure 70 indicate that it is 

possible to obtain a ten fold variation in rate if there are large 

concerted variations in FDP, PEP and alanine at a constant nucleotide 

pool size. In likely physiological conditions the modulation of 
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p y r u v a t e kinase activity is reduced to around a five fold change; 

a ' ; ' :u rn ing that the PEP varies within the range studied. 

Llorente and co-workers ( 1 9 7 0 ) , using crude liver homogenates, 

f o u n d t h a t the (alanine) was 100|iM. The present studies show t h a t 

i t is n e a r e r 1»5mM for the C.maenas enzyme. Thus, unlike t h e mammalian 

e n z y m e , considerable activity is measured in the presence of 

intracellular concentrations of alanine and ATP. This may be a 

c o n s e q u e n c e of the large amounts of alanine, varying in response to 

s a l i n i t y , found in,hepatopancreas. Furthermore, addition of 

physiological concentrations of FDP (2|J,M) did not result in a large 

r e c o v e r y o f activity. To test the hypothesis of Seubert and Schoner 

( 1 9 7 1 ) t h a t activators cause a reversal of inhibition continually 

e x e r t e d by ATP and alanine both FDP and PEP were varied in the presence 

o f a l a n i n e and ATP. 

Variation of PEP ( fig 74 , 7 5 ) showed that it was not possible 

to obtain more than a doubling of rate as FDP increased from 1 to 2|,iM 

or as alanine decreased from 10 to ImM. The absolute rate may vary 

more than this, however, if there are simultaneous changes in PEP, 

alanine aad FDP levels. The variation in rate is unlikely to be more 

than five fold (in agreement with previous findings) if these changes 

in effectors are kept within expected physiological limits. 

It was interesting to note that increasing alanine concentrations 

r e s u l t e d in an increase in both PEP co-operativity a n d ( P E P ) (fig 

75). 

V a r i a t i o n of FDP (fig 76, 77) indicated that a small modulation 

oC a c t i v i t y is to be expected i n vivo if the i^ vitro conditions used 

r e f l e c t the physiological condition. There was less than a five fold 

v a r i a t i o n o n increasing the concentration of both alanine and FDP 

f r o m z e r o t o lOmM and 25|IM, respectively. The enzyme in a fresh 

homogenate exhibits positive homotropic co-operativity with respect 



192 

to FDP (fig 77) unlike the results obtained with the purified enzyme, 

where no co-operativity was seen (fig 4 0 ) , Addition of ATP increased 

the co-operative interactions of FDP (n increased from 1 . 4 to 1 . 8 4 ) 

whereas alanine appeared to weaken them (n = 1 . 1 7 and 1 . 3 8 for ImM 

and lOmM alanine, respectively). 

The conclusion to be drawn from the results presented so far is 

that C.maenas pyruvate kinase activity can be modulated i_n v i v o . 

C o n c e r t e d variations of the ligands within their expected physiological 

r a n g e s resulted in a maximal variation i n activity of five fold ^ 

vitro. 

A l l these experiments assume that no comparmentation of t h e 

l i g a n d s or the enzyme occur in the cell. It is possible that, although 

l i t t l e c h a n g e is measured in the total amount of a ligand, there is 

a l a r g e change in one (or more) intracellular compartments. After 

measuring the specific activity of glycolytic intermediates obtained 

a f t e r incubation with either glucose or pyruvate K a l a n t a n d 

B e i t n e r ( l 9 7 l ) found evidence suggesting multiple intracellular p o o l s 

of glucose-6-phosphate and the phosphoglyceric acids in rat diaphragm. 

The authors concluded that the pools of these intermediates involved 

i n g l y c o l y s i s are distinct from those involved i n gluconeogenesis. 

No e v i d e n c e was found to support the compartmentation of either FDP 

or PEP. There is no evidence available supporting extramitochondrial 

compar tmentation of t h e adenosine nucleotides. The ATP formed as the 

r e s u l t of oxidative phosphorylation in the mitochondria is readily 

t r a n s p o r t e d into the cytosol, where changes in one locality are 

rapidly reflected in the other(s). In conclusion there is no evidence 

available at present which supports the concept of compartmentation 

o f the ligands or substrates of pyruvate kinase in any tissue. 

In the experiments reported here pyruvate was absent by virtue of 

the a s s a y used. It would appear unlikely that this ligand i s of 
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physiological significance when the intracellular concentration (25-40 

klM) i s compared with the found in chapter 5 (250-350pM). The 

p r e s e n c e o f large amounts of lactate dehydrogenase in the cell, with 

its reaction in favour of lactate production, will always serve to 

limit t h e fluctuations in intracellular pyruvate. It is possible that, 

although a five fold change in C.maenas pyruvate kinase activity could 

account for the switch from nett glycolysis to nett gluconeogenesis, 

considerable recycling of PEP, with resultant energy wastage, would 

o c c u r . Another possibility is that modulation of either pyruvate 

carboxylase or PEP carboxykinase serves to reduce the PEP recycling. 

Studies on Pyruvate Carboxylase 

Total enzyme distribution in a tissue is normally investigated 

using optimal assay conditions. It is evident that if a reaction being 

studied is part of a control system the enzyme will not be functioning 

in optimal conditions vivo. This is true of C.maenas pyruvate 

kinase where it was found (using the data of fig 74) that the enzyme 

a c t i v i t y in vivo will be between l/5 and l/lOth of the potential 

activity. If pyruvate carboxylase operates at or near optimal conditions 

one w o u l d expect to need less modulation of one enzyme to prevent the 

PEP recycling. 

Pyruvate carboxylase in mitochondrial extracts was measured 

spectrophotometrically without difficulty. This spectrophotometric 

a s s a y could not be used for whole tissue extracts because of the 

presence of lactate dehydrogenase and other NADH oxidases. Radiometric 

14 

determinations of nett CO^ incorporation in such extracts is 

s u b j e c t t o several errors but is the only method available t o determine 

whole tissue enzyme content. This assay gives the minimum pyruvate 

carboxylase activity. The sources of error in this assay include 

14 
incorporation of CO^ by other carboxylation reactions (eg malic 

14 
enzyme) and the evolution, by PEP carboxykinase, of CO from the 
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oxaloacetate formed by the pyruvate carboxylase. The tissue content 

of malate dehydrogenase and fumarase will serve to randomise the label 

14 

i n t h e compounds such that only 50% of the CO^ incorporated will 

be l o s t o n subsequent reaction with PEP carboxykinase. The presence 

of c o l d malate would reduce this loss further. Nevertheless linear 

i n c o r p o r a t i o n of H CO^ was seen without adding cold malate (fig 76), 

Comparison of the two assays using the same mitochondrial extract 

showed that the radiometric assay (fig 76) gave a slower rate than the 

spectrophotometric assay (O. 117Mmoles/min compared with 0„ l62|imoles/ 

min). I n the radiometric assay the specific radioactivity of the 

b i c a r b o n a t e was assumed to be solely due to that added. The solutions 

u s e d would, however, undoubtedly contain some extra bicarbonate derived 

from atmospheric COg. As a result the specific radioactivity of the 

b i c a r b o n a t e present would be lower than that assumed, causing an 

underestimation of the activity present. An exact determination of 

t h e specific radioactivity of the bicarbonate was not made, however, 

b e c a u s e to a first approximation the ratio of the enzyme activity 

determined by both methods will correct the activity measured by the 

radiometric assay to that measured by the more reliable spectrophoto-

metric assay. This correction factor also serves to compensate for 

the action of the intramitochondrial PEp carboxykinase and other 

carboxylating enzymes. 

P y r u v a t e carboxylase, unlike pyruvate kinase, proved to be 

p r i m a r i l y located in the mitochondria (table 2$). Recovery of 

mitochondria from hepatopancreas was measured as 29.1% using succinate 

dehydrogenase as the marker enzyme. Using this known recovery the 

p y r u v a t e carboxylase activity measured in mitochondrial extracts was 

g r e a t e r than that in the whole tissue extract. This can be explained 

by t h e larger amounts of the interferring enzymes in the whole tissue 

extract. Like some mammalian pyruvate carboxylases (Utter, 1963) the 
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C,maenas pyruvate carboxylase appears to bfe located in t h e mitochondria. 

P y r u v a t e kinase is present almost exclusively in the non-mitochondrial 

portion o f the cell (table 25) compatible with the known cytoplasmic 

o c c u r r e n c e of the mammalian enzyme. 

T h e r e w e r e 5.34 units pyruvate carboxylase/g wet weight tissue 

u s i n g t h e radiometric assay (table 25)i, which increased t o 7.43 units/g 

when corrected to the spectrophotometric assay. Pyruvate kinase was 

p r e s e n t t o the extent of 28„5units/g wet weight. In optimal assay 

c o n d i t i o n s , therefore, pyruvate kinase exceeds pyruvate carboxylase 

b y 3.8:1 and so the maximal modulation of pyruvate kinase found 

previously is just sufficient to effect the switch from glycolysis 

t o gluconeogenesis. This change, however, assumes that the activity 

o f pyruvate carboxylase in invariant and that pyruvate kinase is the 

r a t e limiting step. 

The activity of pyruvate kinase in rat liver varies from 22'units/g 

t o 13 units/g after 4 8 hours fasting (Llorente et al., 1970). Other 

workers report values as high as 84 units/g f o r fed animals (Weber 

et al., 1967a). The activity of PEP carboxykinase also shows large 

variations in tissue content on passing from the fed (2.1 units/g) to 

t h e s t a r v e d condition (16 units/g) (Llorente et al., 1970). The 

activity of pyruvate carboxylase, however, is only 2.5 unit^/g 

(Weber et a l , , 1967a) suggesting that this enzyme is the rate limiting 

step of the bypass sequence. 

R a t l i v e r pyruvate carboxylase shows an absolute requirement 

for c a t a l y t i c amounts of AcCoA (Utter and Keech, 1960; 1963). It has 

b e e n f o u n d that the concentrations of hepatic AcCoA increases i n 

c o n d i t i o n s favouring gluconeogenesis suggesting that AcCoA functions 

a s a p o s i t i v e effector of pyruvate carboxylase in rat liver (Schoner 

e t al., 1970). C,maenas pyruvate carboxylase is dependent on AcCoA 

(fig 79) and in its absence very little activity was measured. 
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D e c r e a s i n g the pyruvate concentration to lOOpJi (nearly physiological 

f o r hepatopancreas) reduced the total activity measured, A Hill plot 

a g a i n s t AcCoA was non-linear, presumably the result of a V effect of 

AcCoA on this enzyme. The (AcCoA) was 36 a n d 44|iM in the presence 

o f lOOjiM a n d lOmM pyruvate, respectively. These figures are very 

s i m i l a r to that, 33|iM, obtained for the chicken liver enzyme (Scrutton 

a t al., 1969). According to Williamson and co-workers (1968) AcGoA 

c o n c e n t r a t i o n s in rat liver vary between 77 and 310|iM; a variation 

which c a n control the activity of the hepatic pyruvate carboxylase 

a t a physiological pH, 

Pyruvate carboxylase is dependent on ATP for activity. That the 

e n z y m e occurs primarily in the mitochondria suggests that the enzyme 

will only be exposed to small variations in energy charge, but it 

h a s been shown that ATP is an allosteric ligand of the enzyme (Utter 

et al., 1971). Variation of energy charge did alter the activity 

m e a s u r e d for C.maenas pyruvate carboxylase (fig 80), but i n the 

probable physiological range (O.8-0.85) only a small increment of 

a c t i v i t y was measured at a constant ImM nucleotide pool. It would 

a p p e a r t o be unlikely that variation in energy charge i s the primary 

control o n this enzyme. At 100p,M AcCoA (physiological for rat liver) 

the enzyme activity in the presence of 100p,M pyruvate and at an energy 

c h a r g e of 0.82 was estimated as 0.33 of that measured i n optimal 

c o n d i t i o n s (fig 80). The ratio of pyruvate kinase to pyruvate 

carboxylase measured in optimal conditions can, therefore, be ammended 

f r o m 3.8:1 to 2.3:1 for the in vivo enzyme activities. The two enzymes 

a p p e a r t o have similar activities in the cell a n d variations i n both 

p y r u v a t e kinase (by FDP, alanine, ATP, ADP, PEP and pH) and pyruvate 

carboxylase (by AcCoA, pyruvate, ATP, ADP and pH) activities will 

cause this ratio to fluctuate either side of unity. 

The present studies show that up to a five fold variation in 
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pyruvate kinase activity can be obtained in likely physiological 

conditions. Assuming that the intramitochondrial AcCoA concentration 

io. C.maenas is of the same order as that in rat l i v e r , reference to 

f i g u r e 79 reveals little variation of pyruvate carboxylase activity 

o n v a r y i n g the AcCoA from 75 to 300p,M. These experiments, however, 

were performed at pH 8,0; at a physiological value greater variation 

w i l l be seen if the C.maenas enzyme responds to pH in the same way 

as the liver enzyme. 

Conclusion 

C.maenas pyruvate kinase is modulated by energy charge, PEP, FDP 

a n d alanine. vitro studies, mimicking the vivo situation, showed 

that the enzyme is controlled by FDP and PEP relieving the ATP and 

a l a n i n e inhibition. C.maenas pyruvate carboxylase is modulated by 

AcCoA, energy charge and pyruvate. A concerted effect on both enzymes 

i s r e q u i r e d to limit PEP recycling on passing from nett glycolysis to 

nett gluconeogenesis. 
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Table 18 

The effect of hexose mono- and di- phosphates on the activity of 

C.maenas pyruvate kinase. 

Addition Relative Rate 

None 1.00 

SOO^M FDP 7.60 

500liM Glucose-1 ,6-diphosphate 1.00 

ImM Glucose-1,6 -diphosphate 1.06 

500|iM Glucose-6 -phosphate 1.00 

500|iM Glucose-1 -phosphate 1.00 

500|iM Fructose-6-phosphate 1.15 

All assays were carried out in the presence of the magnesium buffer 

using purified enzyme (method B) at 25°C in the presence of 47UM PEP 

and 210^M ADP and the additions noted above. All other components of 

the assav were as in the standard assay. 
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Table 19 

The effect of possible modifiers on the activity of purified 

C,maenas pyruvate kinase. 

Addition Relative Rate 

None 1,00 

1. 7mM, L-alanine 0.76 

1.7mM L-serine 0.86 

1. 7mM glycine 0. 97 

1.7mM L-proline 1.04 

1. 7mM L-arginine 1.01 

1.7mM citrate 0.95 

1.7mM succinate 1.06 

All assays were carried out in the presence of the magnesium buffer 

using purified enzyme (method B) at 25°C in the presence of 36p#PEP 

and 113^M ADP and the additions noted above. All other components 

of the assay were as in the standard assay. 
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Table 20 

The effect of possible modifiers on the activity of pyruvate kinase 

present in a 100,000g hepatopancreas supernatant. 

Addition Relative Rate 

None 1.00 

250^M PDF 1.90 

ImM Glucose-I,6-diphosphate 1.19 

ImM L-phenylalanine 0.95 

3.3mM AMP 0.75 

3. 3mM L-alanine 0.90 

3.3mM L-serine 0.93 

3.3mM glycine 0.95 

3.3mM citrate 0.84 

3.3mM succinate 0.85 

3.3mM isocitrate 1.06 

3.3mM L-arginine 0.97 

3.3mM L-proline 0.99 

All assays were performed in the presence of the magnesium buffer 

using the unpurified enzyme. The assay mixture contained 80|iM PEP 

and 240|iM ADP and the additions noted in the table, all other 

components were as in the standard assay. 
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Levels of metabolite 

Table 22 

s in C. maenas hepatopancreas 

Metabolite 

PEP 

Pyruvate 

FDP 

Glucose-1,6-diphosphate 

Tissue content 

82.0 ± 9.66 (6) 

18.7 ± 2.13 (6) 

0.80 (tissue from 6 animals) 

10.3 (tissue from 6 animlas) 

Results expressed as nmoles/g wet weight ± standard error of the 

mean. Number of observations in parenthesis. 
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Table 23 

Alanine content of hepatopancreas of C.maenas in animals acclimated 

to eiLher 100% or 50% sea water. 

Salinity Alanine 

100% sea water 4.21 

5.74 

50% sea water 6.34 

0.49 

Result^; are those obtained for four animals, two acclimated to 100% 

and two to 50% sea water. The results are expressed in [.imoles/g wet 

weight tissue. 



204 

Table 24 

Estimated intracellular concentrations of metabolites calcu'l from 

the preceeding data assuming that the intracellular water coiiL(?nt 

of this tissue is 0. 5ml/g wet weight. 

Metabolite 50% sea water 

820^M ATP 

ADP 310UM 

AMP SO^M 

Total nucleotide 1.2mM 

100% sea water 

750UM 

320UM 

40nM 

1. ImM 

Metabolite 

Alanine 

PEP 

Pyruvate 

FDP 

Glucose-1,6-diphosphate 

0.98-12.6mM 

160|J,M 

40 pM 

1.6|iM 

21ULM 
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Table 25 

Distribution of pyruvate kinase and pyruvate carboxylase in 

hepatopancreas of C.maenas 

Stage 

Initial extract 

Pyruvate Kinase 

28. 5 units/g wet wt 

(1154 units total) 

Mitochondrial extract 0.945 units/g wet wt 

(allo«„g for recovery) j 3 total) 

Pyruvate carboxylase 

3 . 8 0 units/g wet wt 

(146.4 units total) 

5.34 units/g wet wt 

(216 units total) 

Percentage activity 3.3% 
in mitochondrial extract 

148% 
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Chapter 7 

DISCUSSION 

The experimental evidence presented in this thesis shows that 

pyruvate kinase from C.maenas hepatopancreas has allosteric properties. 

This implies that it is a suitable candidate for a regulatory enzyme. 

Experimentation shows that the enzyme has regulatory properties in 

vivo if the vitro experiments truely reflect the physiological 

situation, although the exact mechanism by which this control operates 

in the cell is uncertain. 

The occurrence of pyruvate kinase is as wide as the occurrence 

of the glycolytic pathway itself. Pyruvate kinase is one of the two 

glycolytic enzymes that form ATP, it is also at the junction of the 

opposing pathways glycolysis and gluconeogenesis. Gancedo and co-workers 

(1967) suggest that as pyruvate kinase is active in all tissues the 

enzyme activity will be modulated only in those tissues that have a 

gluconeogenic capacity. This may be brought about by two methods, 

e i t h e r enzyme induction a n d suppression o r through a kinetic control. 

In t i s s u e s where no gluconeogenesis occurs (eg. muscle) no such control 

is r e q u i r e d . 

It i s not known whether the hepatopancreatic enzyme varies in 

c o n c e n t r a t i o n as a result of induction or supression in response to 

h o r m o n a l factors; indeed little is understood about the endocrinology 

of C.m a e n a s . It is clear, however, that the enzyme is subject to 

kinetic control and potential activators (FDP and PEP) and inhibitors 

(ATP and alanine) have been identified. The rat liver enzyme does 

v a r y in response to nutritional status (Tanaka et al., 1965; Krebs and 

Eggleston, 1965; Bailey et al., 1968a), season (Tanaka et al, , 1967b) 

and hormone treatment (Weber et al., 1965a;b; Tanaka et al., 1967b; 

Seubert et al., 1968) as well as responding to kinetic control mediated 

via FDP, PEP, ATP and alanine (Llorente et al., 1970). 
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The occurrence of the allosteric pyruvate kinase, and of pyruvate 

carboxylase, in hepatopancreas is consistent with the idea that this 

tissue has a gluconeogenic capability. The occurrence of this 

pathway in this tissue had previously been inferred from the 

incorporation of radioactivity from labelled pyruvate and acetate 

into glucose and glycogen (Toghrol, 1969). Thabrew and co-workers 

(1971) determined the presence of glucose-6-phosphatase and PDF 

phosphatase in C.maenas gill suggesting that this tissue, too, is 

capable of gluconeogenesis. Subsequently, Thabrew and co-workers (l97l) 

obtained evidence that the rate of gluconeogenesis in gill is 

comparable to that in rat liver. This raises the interesting 

possibility that C.maenas has two major gluconeogenic tissues (gill 

and hepatopancreas) because, although the gluconeogenic capacity of 

hepatopancreas has not been measured directly, the activity of pyruvate 

carboxylase found in this tissue is very similar to that found in 

rat liver. This suggests that the maximal capacity of the two pathways 

is similar. 

The total carbohydrate content of leg muscle and hepatopancreas 

is less in autumn and winter (Munn, 1963) whereas the opposite is 

true for gill (Thabrew, 1971). Furthermore, Thabrew and co-workers 

(1971) showed that the rate of gluconeogenesis was about 2 -4 times 

greater in animals collected between November and March than in 

animals collected during the rest of the year. It is possible that 

the carbohydrate content of a tissue in an animal is not necessarily 

altered in the same way by season. This raises important questions 

in the area of hormonal control of pyruvate kinase in G.maenas. 

During the course of purifying C.maenas pyruvate kinase it was 

found that the enzyme was extremely unstable. This was observed for 

other pyruvate kinases as well, for example S.cerevisae (Kuczenski 

and Suelter, 1970) and B.licheniformis (Touminen and Bernlohr, 1971a). 
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In each of these cases, as with the C.maenas enzyme, addition of 

g l y c e r o l led to stabilisation of the enzyme. The niechanism(s) by 

which glycerol (and other polyhydric alcohols) stabilises pyruvate 

k i n a s e and many other enzymes is not fully understood. It may be 

that t h e glycerol acts by stabilising the hydrophobic bonding in 

t h e protein. It is significant that glycerol activated yeast pyruvate 

k i n a s e at high concentrations in a manner analogous to the positive 

m o d i f i e r PDF (Ruwart and Suelter, 1971). This implies that the 

glycerol favours one conformation of the enzyme; presumably the result 

o f a complex interaction between glycerol, water and the enzyme, 

EDTA has been shown to alter the conformation of mammalian 

pyruvate kinase (Bailey et al., 1968; Pogson, 1968a;b; Llorente et 

al., 1970). Addition of either EDTA or EGTA to the C.maenas enzyme 

caused a change in the enzyme to the fully activated form, the opposite 

to that found for the effect of EDTA on the mammalian enzymes. The 

activity of mouse liver enzyme, however, was enhanced on addition 

of EGTA (Passeron et al,, 1967) as found for the C.maenas enzyme. 

The actions of both EDTA and EGTA on pyruvate kinase warrant further 

investigation to distinguish between possible specific effects on the 

enzyme, mimicking PDF, and those affecting the protein conformation 

by a m o r e general interaction. It is pertinent that Irving and co-workers 

(1970) report competition between EDTA and FDP for binding to the 

e n z y m e . However, that EDTA has seemingly opposite effects on enzymes 

f r o m different sources is suggestive that it is not mimicking FDP 

specifically. 

Temperature (Bailey et al., 1968b), pH (Rozengurt et al.,. 1969), 

ionic strength (Melchior, 1965; Llorente et al,, 1970) and compounds 

like FDP and EDTA affect the conformational state of many pyruvate 

kinases. The effects occur more frequently with allosterically active 

enzymes, although changes are seen with the type M enzyme. Changes in 
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enzyme conformation caused by different solution conditions may 

account for the small variations in FDP stimulations seen through 

the different purification stages of the C.maenas enzyme. Flanders 

and co-workers (l97l) reported similar changes in FDP stimulation 

as the frog heart enzyme was purified. Furthermore, Hess and Kutzbach 

(1971) found changes in the isoelectric focussing pattern of the 

porcine heart enzyme as it was purified. These authors explained 

the changes as an interconversion of two major enzyme species, each 

with a distinctive isoelectric point. 

Effective separation of two enzyme species is reported in 

chapter 3. Subsequent studies established kinetic identity of the 

two species and showed that an interconversion between them can occur. 

The simplest explanation fitting the experimental data is that the 

two peaks represent allosteric conformers of the enzyme. The studies 

of Irving and co-workers (l970) and Hess and Kutzbach (l97l) show 

that type L pyruvate kinase has a high initial affinity for FDP and 

that a tight FDP-enzyme complex, stable to gel-filtrafcioA and extensive 

dilution, is formed. The FDP loaded enzyme had a different 

isoelectric point to the FDP free enzyme, and so would be expected to 

be separated by both electrophoresis and ion-exchange. The separation 

of peaks 1 and 11 may, therefore, represent the analogous separation 

of two species of enzyme. The effect of FDP on the two peaks supports 

this conclusion, although in strict analogy with the isoelectric 

points of the pig heart enzyme one would expect peak 1 to contain 

the FDP loaded enzyme and not the FDP free species. The occurrence 

of only one peak of activity in method B may be the result of ethanol 

precipitation favouring one conformational state of the enzyme, 

although alteration of the solvent conditions in this stage may also 

be responsible for the loss of resolution. 

It is of interest that Flanders and co-workers (l97l) obtained 
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two peaks of activity after CM-sephadex, but not DEAE-sephadex, 

chromatography. The two peaks obtained by these authors resemble 

C.maenas peaks 1 and 11. The first eluted peak from CM-sephadex 

was only stimulated 1,3 fold on addition of FDP (analogous to C.maenas 

peak 11 enzyme). The second peak, stimulated 8.3 fold on addition 

of FDP when freshly prepared, lost allosteric sensitivity on storage 

and dialysis. Rechromatography of the insensitive form of the enzyme 

on CM-sephadex resulted in restoration of allosteric sensitivity. 

Electrophoretic studies, both on the native enzyme and after 

dissociation, suggest that C.maenas pyruvate kinase has been extensively 

purified. The studies on the native enzyme, conducted at one pH, 

indicate that the catalytically active protein accounts for approximately 

of that present after purification (method B). Electrophoresis 

at other pH values did not result in recovery of enzyme activity 

from the gels, but they did show only one protein band. This evidence, 

taken in conjunction with that after complete dissociation where only 

one major band was observed on SDS electrophoresis at a different pH, 

i.s very strong evidence in favour of the electrophoretic homogeneity 

of the protein. 

Estimation of the molecular weight of the purified C.maenas 

enzyme by gel-filtration yielded an apparent molecular weight of 193,000 

in the presence of FDP or ATP/%G++. In SDS and p-mercaptoethanol 

the enzyme dissociated to sub-units with molecular weights of 55,000, 

66,000, 61,700 and 70,000 depending on the system used. The sub-unit 

of 55,000 was obtained with fewest other bands on the gel system giving 

greatest resolution, and so, perhaps, represents the basic sub-unit. 

Prom this information a tetrameric structure for the enzyme can be 

proposed, although a trimer cannot be eliminated. No evidence was 

obtained from the present studies to indicate whether a separate 

regulatory sub-unit of C.maenas pyruvate kinase exists. If distinct 
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cub-units exist, however, they possess similar properties; unlike those 

of aspartate transcarbamylase which have been successfully separated 

(G&rhart, 1964; Schachman, 1964). A systemmatic study of the binding 

of various ligands to the C.inaenas enzyme, coupled to an investigation 

of the amino acid residues present, may yield insight on this most 

interesting point. 

The quarternary structure of the allosteric pyruvate kinases is 

uncertain. It is only recently that the S.carlsbergensis enzyme has 

been shown to be tetrameric (Bischofberger et al., 1971), as is the 

non-allosteric rabbit muscle enzyme (Steinmetz and Deal, 1966). The 

published data on the type L enzyme are less decisive; the results 

are compatible with either a trimeric or tetrameric structure of the 

native enzyme (Hess, 1971). 

The molecular weight of the C,maenas enzyme -193,000- is of the 

same order as that -208,000- of the mammalian type L enzyme (Tanaka 

et al., 1967b) and of the yeast enzyme -191,000- (Bischofberger et al., 

1971). The non-allosteric type M enzyme has the higher molecular 

weight of 237*000 (Warner, 1958). It has been suggested that the 

type L and M enzymes are derived from the more primative type enzyme 

(imamura and Tanaka, 1972). If this is true then the larger molecular 

weight of the non-allosteric enzyme must be accounted for. If the 

allosteric enzymes have separate regulatory and catalytic sub-units 

the lower molecular weight will be the result of the regulatory 

sub-unit having a smaller molecular weight than the catalytic sub-unit. 

Monod and co-workers (l965) discuss the theoretical ways in 

which oligomeric proteins can associate from monomers. They conclude 

that "the apparently rather wide prevalence of dimers and tetramers 

among oligomeric enzymes suggests rather strongly that the quarternary 

structures of the proteins are mostly built up by isologous 

polymerisation." In an isologous polymerisation only dimers and 
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tetramers can form; in mixed isologous and heterologous binding only-

even numbered oligomers containing a minimum of six protomers are 

formed. The exclusive use of heterologous domains for binding can 

lead to oligomers containing any number of protomers, except two. 

It is of interest, therefore, to find an apparent dimer of molecular 

weight 110,000 on SDS electrophoresis of C.maenas pyruvate kinase 

and to find that the apparent molecular weight of the enzyme favoured 

by FDP differs from the apparent molecular weight of the native enzyme 

by 54,000; almost identical to the sub-unit molecular weight found 

on SDS electrophoresis. Since the molecular weight studies indicate 

that the enzyme is not a hexamer these results are not immediately 

compatible with any of these modes of binding. This assumes that 

the sub-units are identical, which although true for type M enzyme 

is less likely for the type L enzyme. The apparent decrease of one 

in the polymeric structure of the enzyme on adding FDP may indicate a 

preference in the binding mode on addition of this ligand. It is 

possible that the binding is isologous, the protomer consisting of 

two different sub-units of molecular weight 55,000, but in this case 

the addition of a further sub-unit of molecular weight 55,000 cannot 

be explained. This mode of binding can explain why only two FDP 

binding sites are found in both yeast and pig liver enzymes (Fell et al., 

1972; Hess, 1971). 

It is most likely that the decrease in molecular weight seen 

on adding FDP, or ATP/Mg, to the C.maenas enzyme and the appearance 

of multiple enzyme peaks after storage are changes in polymeric 

structure. Such changes have been demonstrated for the human 

erythrocyte enzyme (Ibsen et al., 197l). As already discussed there 

2 s no rational explanation of this change, assuming that the model 

used by Monod and co-workers (l965) is valid. These authors assume 

that only stable oligomers are formed but it is possible that metastable 
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oligomers form in certain conditions. In this way the form of the 

C. maenas enzyme containing one more sub-unit, and the oligomers up 

to a pentamer found for the erythrocyte enzyme (ibsen at al., 1971) 

can be explained. It must be pointed out that the apparent decrease 

in molecular weight seen on adding PDF may, in part, be the result 

of a large change in shape of the molecule. Conformation of the 

extent of the molecular weight change by an independent method is 

required before the possible formation of a higher polymer can be 

studied in greater detail. 

It has recently been reported that hybrids of the bovine type 

L and M enzymes can form (Cardenas and Dyson, 1973). The tetramers 

were formed by reassociating homogenous type M sub-units with the 

apparently homogenous type L sub-units. The resultant tetramers were 

judged to contain different proportions of the type L and M sub-units 

as they had electrophoretic mobilities intermediate to the 'parent' 

enzymes. The results suggest that the binding between sub-units is 

isologous and the authors assume that only one kind of L type sub-unit 

i J involved, and hence the tetramers are formed by random reassociation 

of the M and L sub-units. As the possibility of non-random 

reassociation of sub-units cannot be eliminated using the data 

provided, it is possible that there is more than one type L sub-unit. 

Direct binding experiments and specific activity determinations 

v/ill be required to investigate the true architecture of the hybrid 

enzymes. 

The purified C. maenas enzyme has a specific activity in the 

range 350-380 units/mg, with values up to 415 units/mg being observed 

in some preparations. Comparison of this specific activity with that 

of other purified enzymes is complicated because of the different 

temperatures and substrate concentrations used. Assuming a = 2 

the effect of temperature can be compensated for. In this way the 
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rat type L and M enzymes have specific activities of 170 and 340 units/mg 

respectively, at 25°C (2mM ADP and 2mM PEP) when calculated from the 

data at 37 C given by Tanaka and co-workers (l967b). The enzyme from 

S. carlsbergensis had a specific activity of 180 units/mg ( calculated 

from Hunsley and Suelter, 1969a) whilst that from B.licheniformis 

had a specific activity of 150 units/mg at 25°C (after Touminen and 

Bernlohr, 1971a). In comparison with these results the specific 

activity of the C.maenas enzyme is nearer to that of the non-allosteric 

type M enzyme. It is likely, however, that the protein content of 

the C. maenas enzyme was underestimated. 

As mentioned all pyruvate kinases studied have a low aromatic 

amino acid content, and this will affect the protein determination. 

Tanaka and co-workers used the biuret method, an assay that is 

independent of the aromatic amino acid content of the protein. Touminen 

and Bernlohr (1971a) and Hunsley and Suelter (1969a) used the 

absorption at 280nm to estimate the protein, but using experimentally 

obtained values for their respective purified enzymes. These 

are, therefore, true estimates of the protein content. In the 

current study insufficient material was obtained to calibrate the 

Lowry or optical density methods with the C.maenas enzyme. As either 

of these methods detect tryptophan and tyrosine residues, it is to 

be expected that there will be an underestimation of the protein. If, 

as with other pyruvate kinases, the C.maenas enzyme contains 

approximately one half of the aromatic amino acids that are present 

in the primary standard, the true specific activity will be 

approximately half that quoted here. This will be directly comparable 

with that of the other allosteric enzymes studied. 

Estimates of turnover numbers for the various enzymes are 

3.68 x 10 min and 3.24 x 10^ min ^ for the allosteric yeast 

(MacFarlane and Ainsworth, 1972) and the rabbit muscle 
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(Ainsworth and MacFarlane, 1973) enzymes, respectively, at pH 6.2. 

At pH 7. 5 the turnover number of the rabbit muscle enzyme was 

4 — 1 
calculated as 1.84 x 10 min (Mildvan and Cohn, 1965) whilst at pH 

A 1 

7.4 the C.maenas enzyme had a turnover number of 8.7 x 10 min . 

If, as proposed, the specific activity of the C.maenas enzyme has 

been over-estimated by a factor of about two, the true turnover 

number will be about half that quoted. This turnover number compares 

very favourably with that of the yeast enzyme. That the experiments 

were conducted at different pH values limits a more detailed comparison. 

The allosteric enzymes have specific activities, and hence 

turnover numbers, almost exactly half that of the non-allosteric type 

M enzyme. This may be the result of,either a halving of the turnover 

number of the active sites present, or a halving of the number of 

active sites present. The allosteric enzymes have similar molecular 

weights and these are less than that of the typeM enzyme. All the 

evidence presented leads to the conjecture that the allosteric enzymes 

have a lower specific acitivity (and hence turnover number) because 

they have only half the number of active sites; the balance of the 

molecular weight being made up of protein constituting a regulatory 

sub-unit. This concept has some support in that the type M enzyme 

has 4 binding sites for (Cottam and Mildvan, 1971; Davidoff 

and Carr, 1972), '̂ Tl (Davidoff and Carr, 1972) and 2-4 for pyruvate 

(Reynard et al., 1961) whilst the yeast enzyme has only 2 binding 

site;.; for PEP (in the presence of FDP) and FDP (Fell et al., 1972) 

and the pig liver enzyme binds 2 moles FDP per mole of enzyme (Hess 

and Kutzbach, 1971). It is feasible, therefore, that the allosteric 

enzymes have a separate regulatory and catalytic sub-units. 

It is significant that only PEP, and not ADP, exhibits homotropic 

co-operativity (chapter 5). Subsequent studies using FDP and alanine, 

and the finding that the enzyme is an oligomer, suggest that this 
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enzyme fits the allosteric model of Monod and co-workers ( l 9 6 5 ) , 

although interactions with ATP can only be explained by the 'induced 

fit' m o d e l of Koshland and co-workers (l966). That one substrate, PEP, 

induces conformational changes can be interpreted as meaning that 

o n l y this substrate has a different affinity for the two allosteric 

s t a t e s o f the enzyme. Furthermore, this is suggested by the decrease 

o f o n e order of magnitude in the apparent seen on adding PDF. In 

t h e presence of the activator the apparent K also falls, although to 

a l e s s e r extent. In the absence of co-operativity with ADP this 

decrease can be explained as a consequence of the reaction mechanism. 

In a sequential bi-bi reaction the apparent K for a ligand. A, can 

be obtained from equation 7 and it is equal to; 

1 _ 1 + ft 
B - 2 2 -

K-, V I , KiaKb app a K a l 1 + 

A changc in K, (or K, , since K. K, = K K., in a rapid equilibrium 
b ^ lb la b a lb * 

r e a c t i o n ) will cause a change in the apparent K^. This may explain 

t h e mutual interdependence of both apparent K and apparent K on 

t h e s e c o n d substrate in the reaction under investigation. The finding 

t h a t i n the absence o f PDF the lines in both primary plots cross above 

t h e s u b s t r a t e axis (and inferred from both the Hill and the normalised 

p l o t s ) is evidence that the dissociation constants are larger than 

t h e relevant Michaelis constants for both substrates. 

Addition of FDP causes the lines to cross on, or near, the 

axis. This can be the result of either identity of the dissociation 

a n d Michaelis constants (as can be seen from equation 2 2 ) or a 

fortiuitus set of dissociation and Michaelis constants. The first 

explanation is the most likely for the C.maenas enzyme. Addition of 

FDP caused a decrease in , monitored by a large decrease in the 

apparent K_, but without a detailed knowledge of K,. K and K.„ of 
^ B A B LA 
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unactivated enzyme it is impossible to say which of these, if any, 

also change on adding the activator. Normal kinetic approaches cannot 

be u';ed since variation of PEP itself causes transition to the fully 

activated state. Direct binding studies in the presence and absence 

of FDP may show whether the affinity for both ligands is affected. 

The normalised plots shown in chapter 5 may give an indication 

of the relative affinities for both states once the correct composition 

of the constants K, K' and K" is known. The only study in the 

literature concerning the relative affinities of PEP in the two 

conformers is that of Hess (l97l) for the S.carlsbergensis enzyme. 

Fitting predicted plots to experimental data gives the best fit when 

" = 3, = 3900 and c = 4 x 10 ^(using the symbols of Monod et al., 

196':;). With these values the affinity of PEP for the two allosteric 

states was calculated as differing by over two orders of magnitude 

(48mM and 190|aM), that of FDP by over two orders (> 20mM and 200|a,M) and 

that of ATP by over one order of magnitude C>100mM and 9.3mM). 

The mechanisms postulated for all pyruvate kinases studied in 

sufficient detail involve direct phosphorl transfer in a ternary 

complex; the G.maenas enzyme is no exception, A ping-pong mechanism 

has been suggested for the enzyme from Brevibacterium flavum on the 

basis oF a series of parallel primary plots (Ozaki and Shito, 1969). 

Thi% enzyme may differ from other pyruvate kinases as it is activated 

by AMP and not FDP or KCl, although it is possible that the lines in 

the primary plots are converging slowly, appearing parallel, as is 

the case when 

Results presented in chapter 5 are consistent with the formation 

of a ternary complex by a random pathway; the rate limiting step of 

tlie reaction being the transfer of the phosphate in the ternary complex 

and all the substrate- and product- enzyme complexes are in equilibrium. 

This is a similar conclusion to that drawn by Reynard and co—workers 
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(l96i), Mildvan and Cohn (l966) and Ainsworth and MacFarlane (l973) 

foi' the rabbit muscle enzyme. The FDP-activated enzyme from S. cerevisae 

ha% an ordered reaction mechanism, however, an obvious difference to 

the rabbit muscle enzyme and the FDP-activated C.maenas enzyme. In 

cvoiutionary terms a change in a limited number of individual rate 

constants will result in an ordered mechanism becoming essentailly 

random. 

There is great controversy regarding the role of Mg++ in the 

pyruvate kinase reaction as is discussed elsewhere. It is justifable 

to study the interactions of PEP and ADP alone with the enzyme, 

especially when a metal ion buffer is employed, as long as the 

limitions on the reaction mechanism are remembered. The role of 

K in the C.maenas enzyme has not been investigated and it has been 

assumed that the findings of previous workers on the rabbit muscle 

enzyme are valid for this enzyme (Melchior, 1965; Nowak and Mildvan, 

1^72a;b). The potassium ion is envisaged to be an essential 

activator forming an EK* complex. 

In the investigation of the pyruvate inhibition of the C.maenas 

enzyme a different assay to that used by MacFarlane and Ainsworth 

(1972) and Ainsworth and MacFarlane (1973) was employed. These three 

s t u d i e s t h e only f^^l kinetic analyses that have been reported 

for pyruvate kinase. Reynard and co-workers (l96l) studied the 

inhibition by ATP but not pyruvate, although they conducted direct 

binding experiments to supplement their kinetic results. It is of 

interest that all three enzymes form pyruvate dead-end complexes. The 

S.cerevisae enzyme forms an enzyme-pyruvate complex (MacFarlane and 

Ainsworth, 1972) whilst the rabbit muscle enzyme (Ainsworth and 

Macf'arlane, 1973) and the C.maenas enzyme both form enzyme-ADP-pyruvate 

complexes. The occurrence of both direct transfer of phosphate in a 

ternary complex and competition between PEP and ATP implies that the 
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phonphoryl group undergoing transfer occupies the same site on the 

enzyme whether it is on PEP or ATP. The formation of the enzyme-ADP-

pyruvate dead-end complex shows that both ADP and pyruvate bind to 

the active site in the absence of a suitable transferable phosphoryl 

group but the abortive ternary complex can only dissociate to yield 

binary complexes on the reaction path. In the C.maenas enzyme, where 

all tne substrate interactions occur in equilibrium conditions, the 

enzyme-ADP-pyruvate complex can form, presumably, either by addition 

oi pyruvate to enzyme-ADP or of ADP to enzyme-pyruvate. The rabbit 

muscle enzyme forms dead-end comlexes containing ADP, pyruvate and 

Mg by random addition of all ligands (Ainsworth and MacFarlane, 1973); 

this is not incompatible with the results presented in this thesis. 

Ihe possible formation of pyruvate-enzyme-pyruvate and PEP-

enzymc-PEP complexes is discussed in chapter 5. These complexes are 

interesting because they represent addition to another site causing 

a greater proportion of the enzyme to exist in non-productive complexes. 

Ihcre lu an obvious analogy between the two complexes, suggesting 

that, tne second site occupied in both cases is the same. 

Ainsworth and MacFacFarlane (l973) suggest that the locus 

within the active site of the S.cerevisae enzyme where a conformational 

change is triggered lies in the region of overlap between the 

binding sites of PGP and MgATP. The C.maenas enzyme has homotropic 

PEP co-operativity whilst binding of ATP causes co-operative inhibition. 

In the absence of FDP and alanine an initial stimulation of reaction 

raLCs was seen on addition of ATP. This was presumably due to the 

Alf causing a conformational change at the active site. It is 

Feasible that a similar locus for a trigger site exists in the C.maenas 

enzyme. This can most readily be demonstrated by an investigation 

of the initial rate kinetics in the reverse direction. One would 

predict ttiat ATP, and not pyruvate, will exhibit homotropic 
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co-operativity if the model proposed is correct. It is unfortunate 

that no suitable assay could be found in the course of these studies. 

C.maenas pyruvate kinase from hepatopancreas shows many properties 

to be expected for an enzyme obeying the 'K' system of allosteric 

control. C.maenas leg muscle contains a form of pyruvate kinase that 

is iiot allosterically activated by PDF (Wooster and Poat, personal 

communication), a tissue differentiation analogous to that of rat 

ana with similar implications regarding gluconeogenesis. 

In the concerted allosteric model it is postulated that there 

ore two conformers; positive effectors favour the state with a higher 

affinity for the substrate (the T state) and negative effectors 

favour the reverse change towards the R state. In this manner 

competitive effects are seen between positive and negative modifiers 

although they do not necessarily bind to the same site on the enzyme. 

The model implies positive homotropic co-operativity (n>l) with 

resprck to binding of all ligands having different affinities for the 

two conrormers. There will be an interdependence of both homotropic 

and heterotropic interactions. On addition of a positive 

hetcrotiopic effector the homotropic interactions of a ligand should 

disappear (n tend^ to unity) whilst the interactions of a neagative 

modifier should become larger (n will increase). Addition of a 

negative modifier should increase both the homotropic interactions of 

a, xj-gand and the interactions of a positive modifier (n will increase). 

It is evident from the information given in chapter 6 that the 

enzyme in a 100,OOOg hepatopancreas supernatant fulfils these 

predictions with respect to the interaction of PEP with the various 

eifectors tried. In the presence of FDP the homotropic effects of 

PEP were lowered, with n decreasing to unity. Addition of the 

negative modifier, alanine, caused a strengthening of the PEP 

co-operakivity. Similar antagonistic effects were seen with respect 

to the heterotropic interactions of alanine. Like the yeast enzyme 
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the C,maenas enzyme was activated at low ATP concentrations, an 

otherwise negative modifier. This finding can be accomodated by the 

induce fit' model of Koshland and co-workers (1966) but not the 

concerted allosteric model. 

The type L enzyme also exhibits some discrepancies to the 

concerted model of Monod and co-workers (1965). Thus K"̂  exhibits 

no heterotropic effect on the homotropic interactions of PEP or ATP 

(de Asua et al., 1970). This is contrary to the interactions of 

PEP with other positive effectors. No systematic study of inter-

actions with the C.maenas enzyme was undertaken but it must be pointed 

out that PEP co-operativity was noted at a E* concentration of 75mM 

and lOOmM. No further increase in rate was seen on addition of KCl 

or indeed the rate decreased; presumably due to the increase 

in ionic strength. This implies that the K+ is saturating and it is 

likely, therefore, that the G.maenas enzyme shows a similar discrepancy 

to the allosteric model. These discrepancies can be explained by 

sequential conformational changes, as suggested by Koshland and 

co-workers (1966). 

It was of great interest to find that the C.maenas enzyme lost 

some or its allosteric properties on purification as does the rat 

type L enzyme (Llorente et al., 1970). At all times the C.maenas 

enzyme exhibited homotropic co-operativity with respect to PEP and 

activation by FDP. In chapter 5 studies using the purified enzyme 

indicated that FDP has hyperbolic saturation kinetics, although the 

allosteric model predicts co-operative interactions. Subsequent 

studies on the crude enzyme yield the co-operative pattern as predicted, 

ijlniii.ir observations were made for alanine. In some way the enzyme 

lo-'';I r.omii of its allosteric properties on purification and/or storage, 

but not all. That only the co-operative interactions of FDP and 

alanine were Lost suggests that it is the transmission of the site-site 
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interactions that are affected, and that the binding of ligands is 

unaffcctcd. The results also suggest that PEP exerts its co-operative 

effect from a different site to FDP. 

The levels of metabolites measured in hepatopancreas are, 

generally, within the ranges quoted in the literature for rat liver. 

The obvious exception is alanine, which has previously been implicated 

in maintaining the intracellular osmolarity as the external salinity 

fluctuates (Duch&teau et al., 1959; see also review by Huggins and 

Muaday, 1968). These osmotic fluctuations occur physiologically in 

response to changes in the salinity of the water to which the animals 

are exposed. In esturine conditions, where these animals are found, 

this variation in external salinity occurs twice a day (four times a 

day in Southampton water), 

He-patopancreai. does contain slightly less adenine nucleotides 

than rat liver, but the energy charges are within the same rarge. The 

smaller nucleotide pool may be the result of hepatopancreas containing 

a mixed cell population. 

Comparison of tissue content of the two enzymes pyruvate kinase 

and pyruvate carboxylase shows that the former is more abundant when 

assayed in optimal conditions (chapter 6). The ratio found requires 

a reversal if effective gluconeogenesis is to occur. The absolute 

amounL of pyruvate kinase found in hepatopancreas (28.5units/g) is 

of the same order as that found in rat liver (22 units/g, Llorente 

et al., 19/0; 84 units/g, Weber et al., 1967a). Using the estimated 

moLccular weight of C.maenas pyruvate kinase (l93,000) and assuming 

the specific activity to be 350 units/mg, calculation shows that there 

are 0.45nmoles pyruvate kinase/g wet weight tissue. The least 

abundant substrate, PEP, is present to the extent of 82nmoles/g wet 

weight. Thus the substrate is in considerable excess and the 

assumptions used to calculate the rate equations are valid in vivo. 
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It i- a valid exercise, therefore, to study the control of the 

erizyrne vitro. 

Studies show that the enzyme activity does vary in response to 

energy charge, a measure of the energy balance in the cell. The 

activity change seen, however, on varying the energy charge within 

the likely physiological range is small. Thus, although variation 

of energy charge In vitro can elicite large changes in activity it 

is unlikely that this parameter directly controls the enzyme in the 

cell. Indeed, since Atkinson and Walton (196?) postulated energy 

charge as a general control of metabolic processes much controversy 

has existed as to its physiological relevance. Little change in the 

ratio is seen in physiological conditions, and variation of other 

factors will alter the response of an enzyme to adenylate energy 

charge. Purich and Fromm (1972; 1973) have suggested that the in 

vitro response of an enzyme to energy charge may depend upon the 

relative influence of a number of experimentally adjusted factors. 

Their computer simulationsskKwthat there is no theoretical 

basis for the stabilisation of energy charge in the range 0.75-0.90. 

More directly Tarnowski and Seeman (l967) have measured a decrease 

in energy charge in conditions favouring gluconeogenesis, the opposite 

effect to that predicted if the control is mediated by the effect of 

ATP/ADP on pyruvate kinase and phosphofructokinase. It may be 

concluded that although the energy charge may affect the response of 

the enzyme to other effectors, it is not directly involved in t)^ 

control of C.maenas pyruvate kinase. Similar conclusions were reached 

from I he studies on C.maenas pyruvate carboxylase. 

Continuation of the studies on the control of pyruvate kinase 

revealed that both activation (by FDP and PEP) and inhibition (by ATP 

and alanine) can occur. The effect of variation of metal ions has 

been ignored at this stage. It is unknown whether variations ofK* and 

Na^,in response to salinity, changes, are sufficiently large to affect 
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the C.maenas enzyme. The results of Melchior (1965) support the 

idea that free K* can alter the activity of the rabbit muscle enzyme, 

although this will have no physiological significance for this 

enzyme. 

The variation of alanine, in response to external salinity, must 

limit the usefulness of this ligand as a control metabolite of the 

C. maenas enzyme, if compartmentation does not occur. The higher 

tissue content of alanine in C.maenas is associated with a lower 

affinity of the hepatopancreatic enzyme for alanine. In hepatopancreas 

there is sufficient alanine to cause 99% inhibition of the rat liver 

type L enzyme (K = O.ldWj (Llorente et al., 1970), whilst the C.maenas 

enzyme will be 66% inhibited (K^ = 5mM). Thus fluctuations of 

alanine, in response to salinity, may cause some effects on the 

gluconeogenic flux, although this may not be of primary importance. 

It seems justified to postulate a fine control of hepatopancreatic 

enzyme by FDP and PEP in the presence of ATP and alanine. In the 

absence of FDP, and at low PEP, little enzyme activity was measured. 

Modulation of the enzyme activity, therefore, within narrow limits 

seems to be restricted to variations of FDP and PEP counteracting 

the negative control of ATp and alanine. The possibility of 

compartmentation, and the presence of specific binding agents, of the 

metabolites vivo necessitates a study of the free metabolite 

concentrations in the cell and not necessarily just the chemical 

concentrations. The techniques to perform this analysis are not 

available at present. 

Assuming that no compartmentation of the effectors occurs, the 

present studies indicate that a five fold change of pyruvate kinase 

activity can occur vitro in conditions simulating the vivo 

substrate and effector concentrations. A change of this magnitude 

implies that although nett PEP synthesis will occur there will be 
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appreciable PEP recycling. 

Studies on pyruvate carboxylase from hepatopancreas show that 

this enzyme resembles the mammalian enzyme in that it is activated 

by AcCoA and that changes in the concentration of this ligand, in a 

physiological range for rat liver, allows an opposing control. Thus, 

a concerted control on both pyruvate kinase and pyruvate carboxylase 

results in a greater control of the PEP recycling. In C.maenas gill 

0. 5 (.moles glucose are formed per minute per gram wet weight at 25°C 

(Thabrew et al., 1971). This necessitates the formation of 1 [imole 

PEP per minute, similar to the proposed in vivo activity of 

hepatopancreas pyruvate carboxylase (2.5 units/g wet weight). The 

proposed vivo activities correspond within close limits to the 

nett flux of gluconeogenic intermediates in whole tissue. 

The overall control of glycolysis and gluconeogenesis is the 

result of a balance between a large number of enzyme activities and 

substrate availabilities; alteration of any one of which could alter 

the nctt fluxes. Stable control of a pathway involves negative 

feed-back to an earlier reaction. The feed-forward activation of 

pyruvate kinase by FDP will, in the absence of other effectors, lead 

to an unstable situation. It is ideal, however, to activate the 

enzyme in preparation for passage of glycolytic intermediates. 

It was shown that^of pyruvate kinase and pyruvate carboxylase^ 

the former has the higher activity in hepatopancreas. In the 

absence of modulation of pyruvate kinase the PEP produced by pyruvate 

carboxylase/PEP carboxykinase will immediately be recycled to 

pyruvate, and there would be no gluconeogenic precursor. Inhibition 

of pyruvate kinase will allow nett formation of PEP which can enter 

gluconeogenesis. It is clear that availability of PEP will 

influence the gluconeogenic flux and that without negative controls 

on pyruvate kinase hepatopancreas would not be capable of nett 
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cynLhesin of glucose. Control of this enzyme, therefore, is 

obligatory for gluconeogenesis to occur. 

C.maenas pyruvate kinase proved to be a regulatory enzyme, but 

major problem is in estimating the physiological implications of 

this. One difficulty is determining, with certainty, the concentration 

f effectors in a tissue since estimations are made using whole cell 

homogenates. No allowance is made for compartmentation, and it is 

impossible to determine the range over which a ligand varies in the 

compartment that the enzyme occurs. Another complication involves 

the difficulty in specifying the compartment in which an enzyme is 

found. It is still uncertain as to whether mammalian pyruvate 

carboxylase occurs in the cytosol, as well as in the mitochondria, 

in the intact cell. Answers to these questions are required before 

the full implications of the control can begin to be specified in 

greater detail. 
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