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ABSTRACT

The carbohydrate metabolism of the liver is subject to large 

physiological variation* both in the rates and the direction of the overall 

transformations. Pigeon-liver hotiogenates carry out the entire sequence 

of gluconeogenic reactions from lactate and other precursors at rates 

equivalent to those observed in intact animals (Krebs, Dierks ft Gascoyne, 

1964), and can also degrade carbohydrate in the absence of such precursors* 

They fora a convenient material for detailed studies cf some control 

mechanisms of the opposing pathways of glycolyais and gluconeogcnesis; 

such studies must take into account the important differences between 

tissue honogenates and intact cells with respect to specific structural 

organization, enssy&ut concentrations and the activation of autolytic 

enzymes.

Washed pigeon liver mitochondria are capable of synthesizing 

phosphoenolpyruvate at high rates from a variety of precursors, including 

pyruvate (Hartley & Avi-Dor, 19?5). In view of the significant species 

differences that have been described for the intraeellular distribution 

of key enzymes catalysing this process (Nordlie & Lardy, 1963), a detailed 

study of the mechaitisBi of phoaphoenolpyruvate synthesis in pigeon liver 

was undertaken,with particular reference to the distribution, activity 

and properties of the relevant enzymes; arid to the control of their 

activity in situ.

In order to place in perspective the studies with pigeon-liver
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hoaogenates and isolated mitochondria described in thia thesis, some of 

the factors controlling the carbohydrate metabolism of an organ such as 

the liver are discussed. These include availability of substrates, the 

effects of non-substrates on the activity of rate-limiting- enayws, inter- 

conversion of enzyme forms and variations in enzyme concentrations,

Since low concentrations of bicarbonate ions decrease both the 

rates of carbohydrate syntheiis from lactate and of glucoae degradation 

in pigeon-liver homogenates, the oxygen consumption was measured in the 

presence of "carbon dioxide buffers'*, generally aa described by Warburg 

It Krippahl (i960). A procedure was elaborated for the generation of alkali 

in closed manometer vessels by nixing mercuric oxide and a solution of 

sodium iodide, in order to measure the equilibrium carbon dioxide pressures 

above concentrated potassium carbonate and bicarbonate mixtures containing 

carbonic anhydrase, capable of acting as "carbon dioxide buffers'**

The effects of added adenine nucleotides on carbohydrate metabolism 

in pigeon-liver homogenates were investigated, after suitable experimental 

conditions had been established; these included the addition of inorganic 

phosphate (20 naM), MAD4 (0.5 mM) md bicarbonate ions (5 to 2*5 raM). 

Lactate addition increased the oxygen consumption to a much greater extent 

than could be accounted for by the net synthesis of glucose, and kept the 

concentration of ATP high and that of AMP low, apparently by the increased 

provision of respiratory substrate. Added AMP (1.25 to 5 mM) raised the 

net rate of carbohydrate removal and inhibited the net formation of 

carbohydrate from lactate, as well as the incorporation of lactate into
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glutose. These effects were accompanied by a fall in the concentrations 

of hexofte 6-phosphates and a rise in those of fructose I t 6->diphosphat« 

and trioae phosphates* Experiments with C glucose indicated that 

"cycling" of hexose phosphates and free glucose occurred in the hojaogenates, 

and that this was inhibited at high concentrations of AMP or in the 

presence of lactate. When the activity of glyceraldehyde 3-phosphat« 

was Halted experimentally by a low concentration of MAD or when it was 

blocked with iodoacotate, the accumulations of fructose 1,6-diphosphate 

and trioae phosphates were large and accounted for most of the carbohydrate 

degraded in the presence of AMP, AMP addition also inhibited the 

conversion of pyruvate into phosphoenolpyruvate, Oata on the concentrat­ 

ions of pyruvate, phosphoenolpyruvate and intermediates of the tricarbox  

ylic acid cycle, as well as of isotope distribution, suggest that the 

effect was due to inhibition of phosphoenolpyruvate carboxykinase. The 

concentrations of adenine nucl<*oti>!«0 were always such as to indicate 

that equilibrium between them was maintained by adenylate kinaae.

Fructose diphosphatase of pigeon liver was cytoplasmic f and was 

qualitatively similar to that of rat liver (Underwood & News ho low, 1965) 

with reanect to inhibition by AMP and fructose 1,6-diphosphate,

Malate accumulating in pigeon liver honogenatea during incubations 

with lactate was fanned by carboxylation of pyruvate and not by forward 

operation of the tricarboxylic acid cycle. The incorporation of [>- CJ- 

lactate into carbohydrate and a ^lycerophosphate was lower in honogenatea 

of livers from fed birds than in those from starved birds* Increasing
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concentrations of lact&te were associated with changei in the concentrat­ 

ions of ;luconeogcaic intoraediates such as to suggest that lactate 

addition produced an enhancement of the net rate of fructose 1,6-diphosphate 

hydrolysis.

Citrate (in the presence of an excess of Mg ions) stimulated the

formation of j^lucose from fructose by a wore than additive amount, and

14 increased the incorporation of C-fructose into glucose four-fold} a

 mailer but significant effect of the latter kind was also exerted by 

lactate addition. Citrate was a powerful inhibitor of the "cycling" 

activity catalysed by fructose diphosphatase and 6-phoaphofructokinase f 

while part of the similar effect of lactate was due to an increase in the 

citrate concentration. Citrate addition did not increase the rate of 

gluconeogenesis from laetate, because the formation of fructose 6-phosphate 

was not the rnto-liraiting step in this overall process except in the 

presence of raised AMP concentrations. The formation of carbohydrate 

from ma late was limited by the availability of N&Dflt most of the oxidation 

of this substrate occurred wifchin the mitochondria*

The results obtained with pigeon-liver homogenates support the 

concept that fructose diphosphatase and 6-phosphofructoliinase catalyse 

reactions that are among those that can limit the rates of hepatic 

glycolysis and giaconeogenesis, and that the concentrations of intracellular 

"modifiers*, especially adenine nucl«otides and citrate, regulate the 

activity of these enzymes and also the direction of glucose metabolism. 

The possible significance of ATP-utilizing "cycles'* is discussed from the
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point of view of the control of aetabolism and the effects of hormones. 

The role of adenine nuclestides, citrate and acetyl coenzyme A in the 

co-ordinated control of carbohydrate metabolism during the oxidation of 

fatty acids is also discussed*

Pyruvate carboxylase activity in pigeon-liver homogenates or

14 mitochondria could not be assayed by C-bicurbonate incorporation

because of the occurrence of a rapid carbon dioxide-oxaloacetate exciiang* 

catalysed by phosphoenolpyruvate carboxykinase. A similar method 

involving [l- 'cj-pyruvate vas satisfactory; the activity was 10 - 12 

uMoles/tain./g. dry weight at 25 » and vas taainly mitochondria! in location.

Malate enzyme was present exclusively in the soluble fraction and 

the activity varied between 57 (**& hour-starved pigeons) and 200 jaMoles/ 

rain./g. dry weight at 23 (well-fed birds)*

Phosphoenolpyruvate carboxykinase was present principally in the 

mitochondria and showed "latency" phenomena in that mitochondria! 

disruption increased the activity 6-8 times. The activity was 27 - 33 

fiMoles/rain./g. dry weight at 25 and did not vary during starvation and 

refeeding. The activity was not affected by adenine nucleotides arid a 

variety of other metabolites. The affinity for GTP (K 0.4 rff) was

higher than that for ITP,(l.6 raM) but the V was lower. GDP inhibitedmax

competitively with the nucleoside triphosphate substrate (K. 0.4 s£f). 

The kinetic data suggest that the GTP/GDP ratio is an important determinant 

of the activity of phosphoenolpyruvate carboxykinase activity in situ. 

The differences between pigeon and rat liver with regard to the mechanism
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of phosphoeuolpyruvate synthesis are erapha&ized.

Pyruvate kinase was found in the "soluble" fruction, but well- 

washed mitochondria were always significantly contaminated* Pyruvate 

kiimae and enolaae activity did not change during starvation and refeeding,

(50-70, and 150 - 200 (J!olesi/ialti./g. dry weight at 25 » respectively).

2+ Pigeon-liver pyruvate kinase was inhibited by ATP and Ca ions, and
 f 2+ activated by K and Mg ions and by the substrates; a number of other

Metabolites tested did not affect the enzyme activity.

Nucleoaide diphosphokinase was present priaiarily in the mitochondria 

and was "latent". The activity was 250 - 300 ^ol©s/udn./g, dry weight
0at 25   Kinetic studies showed that the reaction mechanism was of the

"double displacement" typej K» values for GTP and ADP were 8 - 9 x 10~5His
-5 

and 4 - 5 x 10 M respectively, ADP inhibited at concentrations above

0*1 «M, competitively with OTP. The results suggest that the Mitochondrial 

6TP/GDP ratio is continuously "geared" to that of ATP/ADP.

Previous studies of phosphoenolpyruvate synthesis in liver 

mitochondria are reviewed, with particular attention to species differences, 

corapartraentation of phosphate transfer in the mitochondria aid the 

pr obi era of "turnover11 of phospboenolpyrwvate.

Pure washed pigeon-liver Mitochondria formed phosphoenolpyruvate 

from oxaloacetute, malate, fumarate, pyruvate + bicarbonate, ct-oxo-glutarate, 

fluccinate and citrate (in order of effectiveness). Inorganic phosphate 

(5 - 15 <aM) and added adenlne nucleotides (l - 5 *M) were atimulatory. 

The accumulation was linear with time only if Mg" ions were not added.
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Contaminant pyruvate kinase was partly responsible for "turnover" of 

phosphoenolpyruvate which occurred in the presence of Mg*" , but a fall 

in the ATP/ADP ratio (due to the concerted action of Mg "^-dependent 

adenylate kinase and adenosine triphosphatase) was of greater importance, 

since phosphoenolpyruvate formation was inhibited in the presence of low 

concentrations of Ca *ions (0»? MM), dinitrophenol and oli^oraycin, even 

when pyruvate kinase activity was totally suppressed due to the absence 

of added Mg ions. A fall in the ATP/ADP ratio was associated with an 

increase in the formation of citrate and a-oxo-glutarate, which was not 

related to changes in the concentration of oxaloacetate, Experij&ents with 

atractyloside showed that phosphoenolpyruvate carboxykinase and nucleoside- 

diphosphokinase were situated**thin the atractyloside-sensitive "barrier** 

to the mitochondria! metabolism of added adenint* nucleotides. Phospho- 

enolpyruvate synthesis WAS not functionally related to the rate of at oxo  

glutarate oxidation, suggesting that there was no compartmentation of 

phosphate transfer between the substrate-level phosphorylation and 

phosphoenolpyruvate carboxykinase.

Synthesis of phoaphoenolpyruvate from pyruvate only occurred in 

the presence of 5 - 10 aM bicarbonate* A progressive fall in the ATP/ADP 

ratio due to addition of dinitrophenol or Mg * iosjs depressed the synthesis 

of phosphoenolpyruvate before it affected the formation of malate. The 

greater part of the pyruvate carboxylas* activity was also found to lie 

within the atractylaside-sensitive "barrier".

The studies indicate that the regulation of phosphoenolpyruvate
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and citrate ayntheaia in aitu in pigeon-liver mitochondria is critically 

dependent on the phosphorylntion potential of the mitochondria! udeaine 

nncleotidea. Various molecular mechanisms for thin effect are discuswed. 

A second and possibly associated factor ia the availability of oxaloacetate.

Both the mitochondrial synthesis of phosphoenolpyruvate and the 

net formation of fructose 6-phoaphate in the cytoplasm are subject to 

*ateady-atateH control by the energy status of the respective compartments* 

The evidence for the physiological importance of such control raecitanisios 

ia discuaaed, with {special reference to present concepts on the metabolism 

of free nucleotidea within liver cells.
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Kreba 9 R.A., Oierka, C. & Gaacoyne, T. (196*1). Biochem. J. 93, 112. 
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A B B R E V I A t 1 0 K 8

Tha following abbreviations have been used:

AMP Adanosine 5'-«onophosphate

AMP Adenosine 5'-diphosphata
ATP Adenosirta 5*-triphospfaata
0BP Guanoaine }'-diphoaphata
GTP Guanosine 5*-triphosphata
UDP Uridine S'-diphosphate
UfP Uridina 5*-»triphoaphata
CDP Cytidina 5*-diphoaphata
CTP Cytidina 5*-triphosphate
IDP Inoaine 5'-di|»ho8phate

ITP Inoaina j'-triphosphata
CaA Coaiusyna A

HAD Nicotinaraide aclenine diaucleotide, oxidised form
NADB Nicotiuamide adenine dirmclcotide, reduced fora
NADP Nicotinamido adanina dinacleotide phosphate, oxidised

form 

HABFB Nieotin4mida aclenine dimtcleotidct phosphate, reduced
form

jVGlucoao l-phosphata

IWUucose 6-phosj.hate

Conbined D-hexose b-phoaphatea

I>-6-phosphOj?l uconata

l)-Frtictose 6-phosphata

D-Fructo»e 1,6-dij.hoaphate

Combined trioaa phosphates

L-o-glycerophosphate

Glucose 1~P 

Glncosa 6-P 

Baxosa 6-P 

6-P gluconate 

Fructose 6 P 

FDP

Triosa-P 

o-Glycaro-P



1,3-diPGA

3-P04

2-PG4

PGA

PKP

UDPG

Pi

PPi

IOTA

TCA

D-l ,5-diphosphoglycerate

DNP

Glucoae 6-Po«e

PKPCK

PfK

PK

NuDiKi

conc'n

vt.

tV2-pho*phoglycerate

Combined J>-2 and 3  phosphoglycerateg

Phosphocaol pyruvate

Uridine diphosphoglaeost

Inorganic orthophosjthute

Inorganic pyrophoaphate

Ethylenc diamine tetra-acctato

Triehloracetic acid

Tri« (hytiroxyzuethyl) aainoacthaa«

2 f^-!>initro phenol

IX-Glucose 6  phosphataae

!>->FruetO8« diphoaphaiaee

Phoaphocnolpyruvato carboiykinase

6-Bioa phof ructokinasc

Pyruvate kina»e

Vucl»o»i«ie diphosphokinaae

concentration

wvight
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CHAPTER 1

GENERAL INTRODUCTION

Prom the point of view of metabolic regulation, the carbohydrate 

metabolism of the liver has particular interest because it is subject to 

large physiological variations both in the rates and direction of the 

overall transformations. Thus the organ is capable both of degrading 

carbohydrate by glycolytic reactions and of resynthesizing it from 

non-carbohydrate precursors (gluconeogenesis). Significant advances 

have been made in the elucidation of the enzymic steps involved in both 

these pathways (see Krebs, 1964, ), but rather less is known of the 

co-ordinated mechanisms by which control of the multi-enzyme systems is 

effected.

Pigeon-liver horaogenates have been the only cell-free preparation 

hitherto described in which the entire sequence of gluconeogenic reactions 

from lactate and other precursors is carried out at rates equivalent to 

those observed in intact livers (Krebs et al., 1964 ). This system was 

considered suitable for detailed studies of the control mechanisms of 

hepatic glycolysis and gluconeogenesis, since the homogenates can also 

degrade carbohydrate in the absence of glucogenic precursors. Recent 

studies suggest that the special properties of rate-limiting enzymes 

might be important in the regulation of carbohydrate metabolism in the



~ 2 -

liver; the homogenates form a convenient experimental material for 

examining further whether the activations and inhibitions found with 

isolated enzymes may operate in the multi-enzyme system of the liver 

cells.

Washed pigeon-liver mitochondria are capable of synthesizing 

PEP at high rates from a variety of precursors (Hartley & Avi-Dor, 1955)   

Although rat liver has been intensively studied with respect to the path 

of carbon from pyruvate to PEP, and to the properties, distribution and 

activities of the relevant enzymes, the significant species differences 

that exist in this area of metabolism (Nordlie & Lardy, 1963,b) suggested 

that valuable information might be gained from a detailed study of the 

mechanism and control of PEP synthesis in pigeon liver.

To place in perspective the studies with pigeon-liver homogenates 

and mitochondria reported in this thesis, a brief review is necessary of 

some of the factors that are important in the control of enzyme activity 

in an organ such as the livers

(i) Availability of substrates. The liver may at any time be 

presented with large amounts of lactate (severe exercise), glucose 

(large carbohydrate meal), ethanol, triglycerides (fatty meal) or free 

fatty acids (states of fatty acid mobilization from adipose tissue). 

Since the liver appears to be freely permeable to all these substances 

(Hohorst et al., 1959; Cahill £t al., 1958; French, 1963; Gordon, 1957), 

dramatic changes in the activity of many enzymes may be expected in each 

case as a result of increased saturation with substrates. This
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necessitates an elaborate system of metabolic signals to permit the 

occurrence of a controlled and co-ordinate transition from one metabolic 

pattern to another*

Substrate availability ("availability control") within the 

network of reactions can be a potent regulatory factor, e.g. at branching 

points, or when there is competition for shared cofactors (Krebs, 1959» 

1964,b). There is increasing evidence for the regulation of individual 

multi-substrate reactions by "steady-state control" involving the ratios 

of nucleotide or other substrates as the regulatory factors (Klingenberg, 

1964). This may express itself at the active site, depending on the 

detailed mechanism of catalysis, or it may involve more complex "second- 

site" phenomena of enzyme control (see (ii)). The biological efficiency 

of this type of control is potentially much higher than simple 

"availability control" of enzyme reactions, An example of the difference 

between the two concepts is the control of mitochondria! respiration by 

ADP, irrespective of the ATP concentration (Chance & Williams, 1956), 

and the control by the "phosphorylation potential 1* ([ATPJ / [ADP] . [Pi]) 

which is based on the concept of the reversibility of oxidative phospho­ 

rylation (Klingenberg, 1964).

(ii) Non-substrates that affect enzyme activity. Many specific 

and non-specific inhibitors and activators of hepatic enzymes are known. 

Relatively few substrate analogues have hitherto been considered to have 

physiological significance; "allosteric" or "second-site" effects (Monod 

al., 1963)1 on the other hand, are widely accepted as agents in the



. 4 -

control of metabolic pathways. The theory of "allosterie control" of 

rate-limiting enzymes was based primarily on certain characteristic 

properties encountered in enzymes involved in feed-back regulation of 

synthetic pathways. Such properties ares

a) Specific inhibition by compounds usually not sterically related to 

the substrates of the individual reactions*

b) Unusual inhibition- and substrate-kinetics; often the relationship 

of substrate or inhibitor concentration to the velocity is sigmoid, which 

is ascribed to "co-operative" effects of the binding of these molecules 

on the enzyme activity.

c) Mild denaturation often removes the effects of the "allosteric" 

inhibitor without decreasing the rate of catalysis ("desensitization").

It was postulated that binding of the "allosteric effector" 

occurs at a site other than the active catalytic site, and that the effect 

on the enzyme activity is mediated by reversible conformational changes 

in the protein. The analogy with haemoglobin suggested that "allosteric*1 

enzymes might be oligomers; more recently, Nonod «rt ajU , (1963) have 

proposed a general model for "allosteric" systems in which the enzymes 

exist in two conformational states (with different substrate kinetics), 

which are in equilibrium. The effects of activators or inhibitors is 

supposed to depend on their affinities for the two forms such that their 

binding affects the equilibrium. Gerhart & Schachman, (1965) have 

reported evidence for two types of sub-units in the bacterial enzyme 

aspartate transcarbamylase, one of which bears the catalytic active site
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and exhibits "normal" kinetic behaviour, while the other (the regulatory 

sub-unit) contains the binding site of the "allosteric" inhibitor CTP. 

Ferdinand (1966) has recently proposed a kinetic explanation for the 

properties of PEK in relation to at least tvo of its effectors, ATP and 

fructose 6-P.

It would appear that no general model may account for the special 

features of the "allosteric" effects that are undoubtedly exerted on 

 any enzymes, including mammalian enzymes. Nucleotides and other specific 

metabolites are commonly involved, and a number of hepatic enzymes appear 

to exhibit such effects under a variety of conditions. The attractive 

features of the "allosteric 11 theory from the point of view of the 

regulation of metabolism, are the efficient control of the activity of 

rate-limiting enzymes, arising from the sigmoid nature of the substrate  

or inhibitor-velocity relationship (auch as is decisively important in 

the physiological function of haemoglobin) and the possibility of control 

of metabolic pathways by sterically-unrelated metabolites produced by 

separate reaction sequences. At the present time, the evidence for a 

true regulatory role of many of these interactions is somewhat sparse. 

This is partly due to technical difficulties encountered in the measure­ 

ment of the concentrations of intermediates in intra-cellular compartments 

of intact tissues, and the fact that many of the special properties may 

be different in the intracellular milieu, with its high protein concentra­ 

tion and intricate structural organization. The study of metabolic 

control in homogenates and in isolated particles bridges the gap between
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experiments vith purified enzymes and those vith intact tissues, in that 

conditions and concentrations can be manipulated to some extent, decreasing 

the need for purely extrapolative conclusions*

(iii) Inter-conversions of enzyme forms. A well-known example 

of this kind of control is afforded by the glycogen phosphoryla" system. 

The molecular basis of the inter-conversion of the more active phospho- 

enzyme and the less active dephosphophosphorylase (which is activated by 

AMP) is fairly well understood, and the independent enzymes catalysing it 

have been studied in relation to the actions of hormones like adrenaline 

and glmcagon (Wosilait & Sutherland, 1956)* Glycogen synthetase appears 

to be present in rat liver in two forms (Steiner, 1964); preliminary 

evidence for an inter conversion has been reported (Hizukuri & Larner, 

1963). Such systems provide the means whereby hormones can override the 

endogenous cellular control mechanisms by converting enzymes into forms 

not decisively subject to feedback control by intracellular metabolites.

In the case of a number of enzymes, transitions of a different 

kind, at present ill-understood, may have regulatory significance. Some 

of these involve reversible "binding" of enzymes to particles or membranes, 

e.g. liver glycogen phosphorylase (fata, 1964), or conforraational changes, 

such as those described by Steiner et al.. (1965) for glycogen synthetase 

and by Foster £t al., (1966) in the case of rat-liver PEPCK.

(iv) Enzyme concentrations. Many hepatic enzymes vary in their 

overall tissue activities when diets are changed or certain hormones 

administered. Both substrate supply and hormonal effects ("induction
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permissive effects") appear to be involved in the control of enzyme 

concentrations, e.g. the induction of glucokinase in rat liver by 

carbohydrate feeding in the presence of insulin (Salas ejb aK, 19637  

Control of the enzyme concentration is effected by changes in the rate 

of enzyme biosynthesis or degradation, or both (see Schimke ejb aJU, 1963)* 

In aany cases it has proved difficult to assign true primary regulatory 

significance to the increased capacity of enzymes so affected (see Fitch 

& Chaikoff, I960), although it is probable that the changes in enzyme 

concentration, once established, exert a powerful "coarse" control on 

metabolic events.

The pathways of glycolysis and gluconeogenesis in the liver are 

depicted in SCHEME A, with special reference to reactions that may have 

regulatory significance because of their strategic position, or because 

they are catalysed by enzymes with low activities or special properties.

The regulation of ^iuconeogenesis in the liver. Krebs (1964,a) 

has reviewed the physiological importance of gluconeogenesis and has 

stressed the large variations in the rates of this major biosynthetic 

pathway according to the requirement of the animal for a constant supply 

of glucose, and the need to remove products of metabolism such as lactate 

derived from muscles during severe exercise.

The rate of gluconeogenesis from amino acids and a number of 

other precursors depends to a certain extent on the availability of 

substrates; thus the early glycogenesis which followed administration of



SCHEME A

GLYCOLYSIS AND GLUCONEGGKNESIS IN THE LIVER: Thick arrows
i 

represent entry points for gluconeogenic precursors into the main

pathway of carbohydrate synthesis. Reactions marked with open 

triangles may have regulatory importance (see text)* 1« Lac t ate 

dehydrogenase; 2. Pyruvate dehydrogenase; 3« Pyruvate carboxy-

lase; 4. PEPCK; 5. P$; 6* Enolase, phosphoglycerontutase;
' -^

?  Triose-P dehydrogenise; 48. a-Glycero-P dehydrogenase;
Itinaa© j

9* Aldolase; 10. FDPaae; 11, FFK; 12. Phosphohexoisomerase;
i

13* Glucose 6-Pase; Ik, Glucokinas« activities; 15. Phospho- 

glucomutase; 16. Glucose l^P - DTP pyrophosphorylase; !?  Glycogen 

synthetase; 18, Glycogen phosphorylase; 19. Glucose 6-P dehydro­ 

genase; 20, Pentose ftimnt reactions.



LACTATE*——-——* PYRUVATE——-——-ACETYL CoA

TRIOSE-P*

OXALOACETATE

d-GLYCERO-P

FRUCTOSE 6-P

6-P GLUCONATE< " ^GLUCOSE 6-P. ^ . GLUCOSE 1-P

14

GLUCOSE

I6

UDPG 

17

\
18

SCHEME A
GLYCOGEN
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glucocorticoids to rats was associated with increased hepatic free aaino 

acid levels before any other changes were detectable (Weber et al.. , 1965f 

Hornbroofc et ajU , (1965) observed a rapid increase in liver glycogen 

after injections of large amounts of lac late, while the tissue content of 

practically all the intermediates of carbohydrate metabolism was increased* 

Another factor of importance is the activity of the enzymes initiating 

the substrate degradation* Thus Krebs (1964, a) showed that the rates of 

carbohydrate synthesis from a number of precursors in rat kidney-cortex 

slices were lower than those from early intermediates. The activities 

of a number of ami no-acid degrading enxymes are increased in the liver 

under physiological conditions where the rate of gluconeogenesis is 

increased (see Knox & Greengard, 19&5).

Most of the precursors are converted into the key intermediates 

pyruvate, ozaloacetate and triose-P. At each of these stages (and at 

some others) there is a choice of reactions leading to different end- 

products* This requires the operation of mechanisms to direct the 

metabolites into the pathway leading to glucose formation, as well as 

mechanisms to control the actual rate of flux*

The control of pyruvate metabolism* Competing reactions for 

pyruvate are carboxylation to oxaloacetate (pyruvate carboxylase) , 

oxidativm decarboxylation to acetyl CoA (pyruvate dehydrogenasej complex) 

and trane ami nation to alanine* Some aspects of the control of pyruvate 

metabolism in rat liver have been studied recently by Ha si am & Krebs (1963)
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and Berry (1965). The subject is further discussed in Chap. 4.

The control of oxaloacetate metabolism. This key intermediate is 

a reactant for the initiation of the triearboxylic acid cycle (citrate

•ynthase) as veil as for gluconeogenesis (synthesis of PEP by PEPCK). 

It can also undergo reduction by NADH to ma late (NAD -linked malate 

dehydrogenase) or transamination to form aspartate. Some of the mechanises 

regulating the metabolism of oxaloacetate in the liver are discussed in 

Chap. 4, with special reference to the pigeon*

The control of PEP metabolism. Gluconeogenesis from oxaloacetate 

requires that the removal of PEP by pyruvate kinase be limited. The

•echanism for this appears to differ in various species and organs. In 

yeast (lluiz-Amil et al, f 1965) and in rat liver (Krebs & Eggleston, 1965) 

the enzyme concentration varies greatly in an inverse relation to the 

rate of gluconeogenesis, while the last-named authors have failed to 

demonstrate similar changes in rat kidney-cortex. (See Chap, k, Section 0).

The control of triose~P dehydrogenaae in relation to gluconeogenesia. 

Th« enzyme reversibly converting l,3-DiP6A into glyceraldehyde 3-phosphate 

in rat liver is very active (v, Fellenberg et al,. 1962) in comparison 

vith other glycolytic enzymes* The HAD -NADH system in the cytojilasmic 

compartment is highly oxidised (Hohorst et aK f 1959), whilst very little 

is known about the metabolic behaviour in this cotapartment of Pi f another 

reactant. The detailed catalytic mechanism (of the rabbit-muscle enzyme)
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is very complex (Velick & Furfine, 1963). All these factors have tended 

to obscure the possible regulatory significance of this step in carbohyd­ 

rate synthesis y which is discussed in Chap. 3»

The control of the conversion of FPP into fructose 6-P. This

2+ step is catalysed by FDPase, vhich is a Mg -dependent, highly specific

phosphatase present primarily in gluconeogenic tissues (Goatori, 19*3)t 

although it has recently been found also in striated muscle (Krebs It 

Woodford, 1964). Pogell & McOilvery (1952) demonstrated that the enzyme 

was active at neutral pH as well as at pH 9 and suggested that the enzyme 

was important in gluconeogenesis (a possibility previously referred to by 

Lardy, 1949, and 01eon, 1951)* They also observed an activation by 

autolysis and papain treatment, vhich indicated that there might be two 

forms of the enzyme*

Taketa & Pogell (1963, 1965) described a specific inhibition of 

rat- and rabbit-liver FDPase by AMP at low concentrations, and also 

reported that the enzyme<was inhibited by substrate concentrations 

higher than 0.1 mM, although the K for FDP was very low (less than 5 ^M). 

They drew attention to the relatively low activity of FDPase in the liver, 

pointing to a rate—limiting role for certain metabolic transformations. 

These observations were confirmed in essence by Mendicino & Vasarhely 

(1963) for the kidney enzyme, and by Nevsholnc (1963) and Underwood & 

Newsholme (1965,a) for rat-liver FDPase. Of the large number of metabolites
9+

tested by the last-named authors, only AMP, FDP and Mg~ ions affected
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the activity to a significant extent. These studies were carried out at 

neutral pH in the presence of 2-tnercaptoethanol, which was markedly 

stimulatory. EBTA al?o increased the enzyme activity, an effect apparently 

not due to the chelation of added metal ions.

Taketa & Pogell (1965) reported that papain digestion removed the 

inhibitory effects of AMP long before the catalytic activity was lost. 

Luppis et aJL, (l{>6^) found preliminary evidence suggesting two inter­ 

convertible forms of rabbit-liver PDPaae, based on the effects of pre- 

incubating the purified enzyme at pll 7.M the activating effect was 

blacked by Ft)P. Pontremoli et, aU f (1965) discussed the possibility that 

an -SH group, not situated at the active site, might regulate the 

activity of FDPase depending on Whether it was ionized or "blocked 1*. 

This conclusion was reached after studies on the effect of dinitrophenyl- 

ation of purified rabbit-liver FDPase. The studies of Uosen & Rosen (1966) 

on FDPase from Candida utilis, have revealed the existence of two 

separate reactive sites for BDP and AMP, both containing two pairs of 

specific lysyl and tyrosyl groups involved in binding or the maintenance 

of conformation. Desensitization of the enzyme waa possible by using 2M 

nr«a or by carrying out dinitrophenylation in the presence of FDP, The 

enzyme from Candida appears not to consist of sub-units, although the 

mammalian enzyme has been dissociated into at least k sub-units (Ellis 

et al., 1966).

It is evident from the above discussion that liver FDPase is a 

complex enzyme with "allosteric" properties. It catalyses an irreversible
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reaction overcoming one of the principal thermodynamic barrier* to th« 

reversal of glycolysis (Krebs, 1954) and it is a site of metabolic 

regulation. Evidence for this is discussed in Chap. 3«

The control of glycogen synthesis. The transglucosylation from 

0DPG to glycogen, catalysed by glycogen synthetase (Leloir & Cardini, 1957) 

is probably the rate-limiting step in glycogen synthesis in the liver 

(Steiner, 1964), although the experimental evidence for this is not 

complete. Hornbrook et aU, (1965) observed a "cross-over point" (Chance 

& Williams, 1956) between UDPG and glycogen in rat livers after hydro- 

cortisone administration. The activity of the enzyme is controlled in 

part by the relative proportions of the glucose 6-P-dependent (D) and 

glucose 6-P-independent (l) forms, although the inter—conversion between 

the two forms described by Hieukuri & Lamer (1963) has not yet been 

confirmed (Steiner et a.K, 1965)* The glucose 6—P concentration, 

transitions between particle—bound and soluble forms (Tata, 1964) and 

variations in the total amount of enzyme (Steiner & King, 1964) are other 

factors that may have regulatory importance* The decisive role of 

insulin in determining the concentration of active enzyme has been 

emphasized (Steiner, 1964). Of particular interest is tue recent report 

(Steiner et al.. 1965) that hepatic glycogen synthetase is markedly 

inhibited by UDP, competitively with UDPG. The activating effect of 

glucose 6-P is partly due to an antagonism of this inhibition. Kornfeld 

(1965) has shown that rat-liver UTP-glucose 1-P pyrophosphoryl^se is 

inhibited by UDPG (competitively with respect to UTP) and by AMp
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such that increasing concentrations of glucose 1-P are associated with 

progressire substrate inhibition in the presence of AMP. Both these 

reports are in accord with the observation of Nigam & Fridland (1964) 

and Zancan & Hers (1965) of the requirement of UDPG and glycogen synthesis 

in pigeon-liver homogenates for concomitant energy metabolism. Thus the 

UfP/UDP ratio, which is related to the ATP/ADP ratio by the NuDiKi 

reaction, and also to the AMP concentration by the action of adenylate 

kinase, might be expected to affect the rate of the conversion of glucose 

1-P into glycogen. This would constitute another example of "steady- 

state control" by nucleotides, which was previously described for the 

control of respiration and which expressed itself in a different way 

(also involving AMP) at the level of the EBP-fructose 6-F inter-conversion 

(see Chap. 3) and in the synthesis of PEP in pigeon liver mitochondria 

(see Chap. 4).

The regulation of glycolyais in the liver. One of the inportant 

physiological functions of hepatic glycolysis is the conversion of excess 

carbohydrate supplied to the liver, into fats (lipogenesis), Glycolysis 

provides both oc-glycero-P and Cg units derived from pyruvate, as well as 

sons of the reducing power for the synthesis of fatty acids (Wise & Ball, 

1964). The rate of lipogcncais in the liver varies greatly; it is 

decreased during fasting and in diabetes, and is enhanced when aniaals 

are fed high carbohydrate diets or when refeeding is begun alter 

starvation (see Fritz, 1961 j Masoro, 1962). In all these states, the
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gluconeogenic capacity of the liver is obversely affected,

There is evidence that when starved rats are re fed, the "switch- 

off* of gluconeogenesis has a slow onset period, so that a great deal of 

glycogen immediately laid down may originate from non-carbohydrate 

precursors (Friedmann el. al.« 1963). At a certain stage of saturation 

with glycogen, a "switch" to Hpogenesis occurs with cessation of 

gluconeogeucsis.

The regulation of glycoly&is, like that of glucoiieogenesis, 

involves a number of key intermediates for which there is competition, 

and a number of rate-limiting enfymes, most of which do not participate 

in the direct pathway of carbohydrate synthesis. This permits independent 

control of the direction and rate of flow,

The regulation of glucose phosphorylation. At least 2 glucose— 

phosphorylating enzymes are present in the liver* Glucokinase has a 

high specificity (for glucose and raannose) but a low affinity for its 

substrate, such that the K for glucose is higher than the plasma 

glucose concentration; the enzyme is also not subject to inhibition by 

glucose 6-P. The activity varies in different nutritional and hormonal 

states, and insulin is required for induction (see Walker, 1966 for 

review). A group of less specific "animal hexokinases", with high 

affinity for substrate (Crane & Sols, 1954), is also present. These are 

inhibited by glucose 6-P, a. fact which has regulatory importance for 

glycolysis in other tissues, e.g. brain (Lowry & Passonneau, 196*0 and
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rat heart (N«wsholme A Handle, 196! ). This may apply also to the liver,

•specially in those species where the quantitative contribution of 

hexokinase to the total phosphorylating activity is large, e.g. the 

guinea-pig (Walker, 1963) and pigeon (unpublished work).

The regulation of glycogenolysia. Although hormonal control of 

glycogenolysis is of paramount importance in the liver, the activating

•ffect of AMP on dephosphophosphorylase (Wosilait & Sutherland, 1956) is 

entirely in keeping with the effects of the same metabolite on PfIC and 

FDPase.

The regulation of PFK in the liver. Hepatic PFK has been studied 

by Pasionneau & Lovry (196*) and Underwood & Newsholme (I965,b). The 

results were broadly similar to those described for PFK preparations 

from other tissues, such as skeletal muscle (Passonneau & Lovry, 1962) 

and sheep heart (Hansour, 1963)* Partially-purified PFK from rat liver 

is strongly inhibited at low concentrations of ATP (below 0,5 mM) and 

the inhibition is potentiated by citrate, also at low concentrations 

(less than 0.5 «M). Ng * ions are also inhibitory, although the Mg-ATP 

complex is less inhibitory than free ATP, A number of metabolites 

de-inhibit , the ATP- or citrate-inhibited enzyme, e.g. FDP, AMP, ADP 

and Pi, in or4er of potency*

Exact kinetic studies have been hampered by the tendency of the 

properties to change when less dilute enzyme solutions are used. A 

number of complex aggregation-disaggregation phenomena have been
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encountered in studies of purified muscle PFK} these take place without 

change in activity as measured subsequently at high dilution (e,g. Ling 

et, al., 1965). A second transformation is a rapid inactivation process 

under various conditions, such a& pre-iucubation at lov pH, which has 

been found by Mansour (1965) to consist also of a monomer-j,oly»er 

transformation. In this case thfe raonoaeric form is inactive. Vinuela 

e_t aJL, (196*) have described an interconversion of two forms of PFK in 

yeast, which resembles the b to a, transformation of glycogen phosphorylase. 

A further development has been the discovery of the association of nucleic 

acid with PFK from skeletal muscle (Pette & Hofer, 1966). All these 

reports emphasize the great complexity of PFK and its importance as a 

regulatory enzyme, also in the liver. It is apparent that the net rate 

of fructose 6-P phoaphorylation will depend on the activity of PDPase. 

The control of these two enzymes, and their importance as rate—limiting 

stages of carbohydrate synthesis and degradation, has been investigated 

in pigeon—liver horaogenates (see Chap. 3)«

Other steps in glycolyaia that may havt* regulatory importance, 

Woods & Burk (1965) have produced evidence in liver slices that glycolysia 

is inhibited at the stage of triose-P dehydrogenation when HADJI is 

allowed to accumulate, A similar explanation could account for the 

stimulatory effect of aerobic pre-incubation on the rate of lactate 

formation from glucose in liver slices (N<;gelein & Noll, 1963). Soling 

jet <aJL,» (1966) have failed to find evidence for a "block" in ^lycolysis 

at triose-P dehydrogenase in diabetic rat liver, based on the measurements
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of Intel-Mediates in perfused livers and in the livers of intact animals. 

Snch a "block" had previously been postulated by Laaprecht & Trautschold 

(1958). (See Chap. 3).

Pyruvate kinase activity is an important determinant &£ the 

fate of PEP (see Chap. 4).

Special features of avian hepatic carbohydrate metabolism. 

Hazelwood (1965) has reviewed the subject of carbohydrate metabolism in 

birds, with special reference to chickens and pigeons. He has stressed 

that avian metabolism differs from that of mammals not in kind but in 

quantity. Some special features are the high blood glucose concentrations 

(130 - 250 mg,/10G ml.) and the special sensitivity to glucagon, which is 

thought to play a central role in glucose homeostasis in birds (Hazelwood 

& Lorenz, 1937»a). A "diabetic syndrome" does not follow pancreatectony 

or the administration of alloxan, as regards carbohydrate metabolism, 

and there appears to be a special degree of tolerance to doses of insulin 

that would be lethal in other animals. This may be related to the high 

activity of insulinases in the livers of avian species. Disturbances of 

fat metabolism do oceur after pancreatectomy (Stamler e_t al. f 1930) but 

the manifestations are not severe and ketosis does not occur. The 

adrenal glands have been shown to play a role in the stimulation of 

gluconeogenesis during |iypoglycaemia induced by large doses of insulin, 

giving rise to "rebound" hyperglyeaend a and glycogen synthesis 

(Hazelwood & Lorens 1957ft>). This effect was ascribed to the action of
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adrenaline rather than steroid hormones (see Exton & Park, 1966, for an 

effect of adrenaline on gluconeogeaesis from lactate in perfused rat 

liver). Pigeon livers contain very active lipogenic systems and are 

rich in malate enzyme (Ochoa et a,!. t 1950) and £atty acid synthotase 

(Wakil £t aJU t 1966). High rates of gluconeogenesis frora lactate were 

obtained only in pigeon-liver homogenates, and not in those of many other 

species of mammals or birds (Krebs et aJU, 1964)* These active anabolic 

systems may be an expression of the need for large amounts of storage 

materials during food deprivation for long periods of flight, as veil as 

the requirement rapidly to remove lactate accumulating during severe 

exertion*
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CHAPTER 2

METHODS AND MATERIALS

Chemicals. Except as stated below, all chemicals were of 

analytical grade; usually those supplied by British Drug Houses Ltd., 

Poole, Dorset were used* The following were laboratory reagent grade 

chemicals: D-fructose, L-aspartic acid, L-alanine, L-glycine, L-glutamic 

acid, imidazole, sodium n*-butyra£e, oxaroic acid, propionic acid, 

isobutyric acid, iodoacetic acid, hydraeine hydrate and nicotinamide.

NUCLEOTIDES* The sodium salts of ATP, ADP and AMP were products 

of C.F. Boehringer u. Soehne G.m.b.H., Mannheim, Germany. By enzymatic 

analysis there was a small (v 1%} cross-contamination of all 3 adenine 

nucleotides even in fresh solutions* GDP and GTP were obtained as 

lithium salts from the same source. In view of their instability, they 

were used within a month of arrival and the percentage purity was 

determined by enzymatic means at each use. NADP , NADPH, Coenzyme A, 

NAD4 and NADH were also products of C.F. Boehringer u. Soehne. The AMP 

content of NADH samples was kept low by using only fresh solutions, while 

in a special case (enzymatic determination of ADP and AMP) solutions were 

treated with bacterial alkaline phosphatase (Worthington Biochemical Corp., 

Freehold, N.J., U.S.A.) as suggested by Lowry et aJU, (1964). GMP, ITP, 

IDP, IMP, UDP, UTP, and cyclic 3' t 5 l -AMP were obtained from Sigma Chemical
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Co., St. Louis, Mo., U.S.A.

GLTCOLYTIC INTEBMKDIATESj The following were products of C.F. 

Boehringer u. Soehnex D-glucosc f>~P, P-fructose 6~P, Fl)P, 3-PGA. and 

pyruvate (all sodium salts); PKP (potassium salt) and 2-PGA (barium salt). 

The last-named was converted into sodium 2-PGA by dissolving it in 0.1N-HC1; 

a slight excess of N*2S()4 vaa added » followed by centrifugation. The 

supernatant was neutralized and stored at -15 after standardization by 

enzymatic analysis. L-«-glyeero-P was obtained as the tricyclohexyl- 

ammonium salt from Calbiochem., Los Angeles, Calif., U.S.A. Crystalline

L-lactic acid was prepared by Mr. T. Gascoyne according to Krebs (1961, )

0 
and was stored in a desiccator at 2 . The sodium salt was used.

OTHER METABOLITES: Oxaloacetic acid was prepared according to 

the method of Wohl & Claussner (190?) by Mr. T, Gascoyne. It was stored 

dry at -15 • Freshly-prepared solutions were brought to pH 7 with NaOH 

immediately before experiments were due to begin. Sodium fumarate, 

sodium succinate and sodium ot-oxoglutarate were from C.F. Boehringer u. 

Soehne, while L-raalic acid was obtained from Koch-Lights, Colnbrook, 

Bucks. Octanoic and oleic acids were gifts of Dr. M.B. Knser. Palmityl- 

Coensyme A was from the Sigma Chemical Co* Acetyl-Coenzyme A was 

prepared by the method of Ochoa (1955)*

OTHEft CHEMICALS] DNP was twice recrystallized from water and 

was a gift of Dr. M.W. Vhitehouse. It was made up in 0.01M NaHCO as a 

stock solution which was stored at 2 and renewed every 2 weeks.
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Oligomyein was a product of Mann Research Laboratories Inc., New York 6, 

N.Y., U.S.A., and was dissolved in ethanol. It was a gift of Or. D.fi. 

Griffiths, as was atractyloside, which was dissolved in water.

D,L-Carnitine was obtained from Calbiochem. bovine serum albumen 

(fraction V) was from the Armour Pharmaceutical Co., Ltd., Chicago, U.S.A. 

and was used without further purification. fris(hydroxymet&yl)-amino~ 

methane ("tris") and tritthanolamine hydrochloride were from C.F. Boehringer 

u. Soelme.

Solutions. All solutions were made with glass-distilled water 

and were neutralized where necessary using a glass electrode or an 

external indicator. Solutions of labile compounds were stored at -15 

and were re-analysed or discarded whenever there was a risk of hydrolysis 

or other decomposition.

Enzymes, A crude preparation of carbonic anhydrase (t,C 4.2.1*1.) 

was obtained from bovine erythrocytes by the method of Meldrua & Roughton 

(1933)« The lyophilized buff-coloured powder was stored dry at 2 and 

was stable for more than 2 years. The yield was about 13 g. of powder 

from 12 L. of fresh blood. Aconitaae (teC 4.2.1.3.) was prepared by 

Miss K. Taylor from pig heart by the method of Siebert (1963). Glucose 

oxidase, type II, was purchased from the Sigma Chemical Co. and "diaayrae" 

was "Takamine" from the Miles Chemical Co., Clifton, N. J. f U.S.A.

All other enzymes used in this work were products of C.F. Boehringer 

u. Soehne. They were stored at 2 . In certain cases where it was
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necessary to free the enzyme suspensions of ammonium ions, dialysis for 

2k hr. against 10 changes of distilled water was carried out in dialysis 

tubing previously treated by prolonged boiling and rinsing. '»hen such 

ensymes were subsequently stored at -15° frequent checus of activity were 

done because of the reduced stability.

Pigt ons. Adult pigeons supplied by D. Ilarradine, Esq., 5» kittle- 

sea Road, March Cambridge, were used throughout this work. They w«r» 

domestic pigeons of mixed strain and included both males and females* 

No attempt was made to study sex differences in metabolism or the effects 

of seasonal or diurnal variations (see Ifazelwood, 1965)*

DIETS: The pigeons were maintained on a diet of commercial 

"chicken-corn", consisting primarily of maize, barley aud wheat corn. 

When they were fasted, food was withheld at 9 &.ia« , water being freely 

available. Using this regime, starvation for 48 hr. was sufficient to 

reduce the total carbohydrate content of the liver to less than 100 

/g. dry wt. in every case,

Tissue preparations arid incubation techniques. tiOHOGENATLS of 

pigeon livers were prepared as described by Krebs e_t <Q, , (1964) with 

modifications. The standard procedure was as follows: A pigeon was 

decapitated and blood allowed to drain from the neck for & minute* The 

liver was gently but rapidly excised. The organ was perfused with 13 ml 

ice-cold 0.154M-KC1 (pll l.k] t. trough the orifices of the portal and
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hepatic veins, to remove blood and to assist in rapid cooling. The
i /

liver was blotted on hard filter paper, cleaned of adhering connective 

tissue and fat, weighed on a torsion balance and snipped into small pieces 

with scissors. Homogenization in chilled medium followed in an ice-cold 

stainless-steel homogenizer (Potterr-Elvejhem type). This had an internal 

diameter of 2,5 cm, and a clearance of 30 ^, 10 up-and-down movements of 

the barrel, with the piston rotating at 2000 r.p.m., sufficed to give a 

smooth homogenate that could be pipetted easily, The preparation was 

kept cold and used within 3 min. of homogenization to avoid alkalinization 

due to loss of CO^. Phase contrast microscopy showed that there were no 

intact cells left.

Media: The standard medium was prepared by mixing 100 ml. 

0,154M-KC1, 21 ml. O.lSWI-NaHCOy k ml. 0.2M-KH2P04 pH 7.4, 2 ml. 0.1M- 

MgClQ and 0.4 ml. O.lM-disodium EDTA. In certain experiments the content
fm

of Pi was increased 4-. 5-fold, and in others bicarbonate was reduced or 

omitted.

The homogenates (final dilution 1 : 15, w/v) were incubated at 

40 in conical manometer vessels at shaking rates of 120-130/min. Other 

additions made to the vessels will be described in individual experiments. 

The final volumes were 4 ml. The gas space was C00 + 00 (5 : 95) or lOOJt
s* *L

0_ as required; in the latter case, 0.3 ml. of 2N-NaOH were placed in the 

centre wells.

To minimize changes in the concentrations of rapidly-reacting 

metabolites during manipulations after completion of incubations, these
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side-am at the same tine as the vessels were rapidly removed from the 

bath and itomersed, with awirling, in an ethanol-dry ice mixture (-78 ) 

for 13 sec,, after which they were transferred to a tray of crushed ice. 

After 13 min. (sufficient for the extraction of the soluble glycogen and 

all ensymica)ly-active proteins) the Material was centrifuged at low 

temperature. A measured sample of the supernatant was neutralised with 

KOfl (30£, saturated with KCl) in the presence of :' drops of universal 

indicator, and the precipitate of KC10. was removed by centrifugalion 

after standing in ice for 2 hr. The supernatant was diluted to known 

volume and stored at -15 •

The dry weight of each hotaogenate was determined by drying a 

known volume to constant weight at 110 , and correcting for the content 

of added salts*

PIGEON-LIVEK I'FrOCHONDRIA were prepared, following generally the 

procedures of Hartley & Davies (1954). Modifications were devised, 

bearing in mind the fact that pigeons have no gall-bladders, necessitating 

storage of bile in the intra-hepatic system of bile-ducts. Since bile 

may damage mitochondria (Christ & Hulsmann, 1962) it was considered 

important to remove as much bile as possible before intracellular 

structures were exposed to it by horaogenization of the liver.

The standard procedure was as follows: 2 pigeons were 

decapitated and exsanguinated, Livers were removed and kept for 2 min.
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in polythene bags buried in crushed ice. After blotting on burd filter- 

paper and cutting away connective tissue, each liv«r was divided into 

5-7 pieces which were placed on filter-paper and cut with a ramor-blad* 

mi 1-2 au;. intervals in a criss-cross fashion. The pieces were now 

washed to reaove as much bile as poaaible, by repeated inversion (6 tii#»s) 

in 5 volumes of freshly-prepared ice-cold 0.25M-sucroae, also containing 

Q.OlM-"tris" and O.OQ02M-EDTA, all at pEI l.k. Mincing in a Fiacher 

mincer (Jouan, Paris) followed. A weighed portion of mince was homogenized 

in k volumes of sucrose solution by the same technique as that described 

for standard pigeon-liver hot&ogenatea. The hoaogenate waa ceutrifuged 

at 2° in 15 •!• conical centrifuge tubes at 450g for 5 min. The

supernatants were carefully decanted into thick-walled teat— tubes
ft 

(5 at /8") so that none of the reddish material (consisting of erythro-

cytes, nuclei and debris) was included. A portion of the mitochondria! 

fraction was lost in this procedure, as no absolutely sharp separation 

could be achieved by varying the gravitational force - the speed selected

gave the largest yield of pure mitochondria. The tubes containing the

o 
supernatant were centrifuged at 2 for 10 min. at 2500g. The supernatants

were decanted and the fatty deposits on the sides of the tubes thoroughly 

reswved with absorbant paper. The mitochondria, now appearing as buff- 

coloured pellets, were re-suspended in 7 volumes of sucrose solution 

using a teflon pestle, rotating at 1000 r.p.ra. Centrifugation at 25(K)g 

was repeated. The washing procedure was carried out again and the 

particles were finally suspended in 0.134M-KC1 containing 0.01M-Mtris",
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at pH 7.4 and 0°V They were used iiwediately for incubations or assays 

of •nsyoxs activity, or w*re frozen and stored at -15 • Phase contrast 

microscopy showed that the preparation consisted of pore mitochondria of 

normal size and appearance.

Incubations were carried out in manometer vessels (gas phase 100£ 

00 or air) in a water-bath at 30°, with shaking. The final fluid volume
A

was k tal./cup and 18-32 tag* of TCA-precij.itable material (dry weight) 

were added to each cup. Other additions will be described in the text. 

The centre wells contained 0.3 •!. 2N-KOIT. Incubations were terminated 

by rapid freezing and acidification as earlier described, and neutral 

extracts were prepared for aimly**iu.

Known volumes of Mitochondria! suspensions were treated in 

previously weighed tubes with (successively) 4$, 2fi TCA and water, with 

centrilugation at 3000 r.p.ia. between each mixing, itud were dried to 

constant weight at 110 .

Measurement of gas exchanges. Since low concentrations of 

bicarbonate ions decrease the rate of gluconeogeneais in pigeon liver
t

horaogenates (Krebs «»t aJL., 1964) as well as the rate of glucose oxidation 

(see later) the 0Q consumption was measured according to the principle 

of Warburg ft Krippahl (i960). This permits the measurement of 0 uptake 

in the presence of a range of concentrations of C00 and bicarbonate,
•*'«•

each of which is kept constant by the use of "CO buffers",

THEORY: Warburg (1919) us«d dilute carbonate-bicarbonate
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buffering systems as part of incubation media in order to provide low 

constant pressures of CO . Theoretical considerations underlying the 

use of amines as MCOO buffers" for manometric work were discussed by 

Pardee (1949) and Krebs (1951,."). Warburg & Krippahl (i960) and Warburg 

et aU, (1962) described the use of concentrated K0CO--KHC05 mixtures, 

incubated in separate compartments of manometer vessels, to provide COg 

pressures up to 1000 na. Brodie's fluid. This represented a great 

advance in the range of the method to include physiological C02 pressures 

for mammalian systems.

Aspects of the theory relevant to the practical use of the method 

are aa follows: Mixtures of KJZQ- &nd KilCO- in solution generate or 

absorb CO- according to reaction (l) '

2 IICO ~ ̂  — > C00 + CO " + H00 — — — (I)
J A J «£

The Equilibrium constant K is given by

[co3"].[co2 ]

The C02 pressure thus depends on the ratio of the concentrations of 

HCO ~ and CO, ions, and is further critically influenced by the total 

concentration of ions and by the temperature. In the presence of 

carbonic anhydra.se, which catalyses reaction (2)

— — — (2) 

and also reaction (3) at alkaline pll,

co2 •»• OH" y v uco " — — — (3)

such mixtures maintain a constant CO^ pressure in a confined space above
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as long as diffusion from and into the solution is not limiting. 

(This can be ensured by rapid shaking and by the inclusion of small glass 

beads to increase turbulence.) However, the "CO buffers" are not

perfect absorbers of C02 and a correction factor ("Retention") has to be 

measured. This can be done experimentally (see below).

According to Warburg (1924), when 2 gases (e.g. Og and 

disappear or are evolved in a constant volume manometer, then

kCO.
- h.

2 .
« h. K.OQ 

kCO, - •-

where x.Q0 « fil. 00 taken up

h • SB. net pressure change

kC02 - C02 constant of the flask

k02 » 0. constant of the flask

y - Respiratory Quotient of the tissue

K00 - 00 constant of the flask when both 00 and C0_ are * «• « 2

involved in gas exchanges simultaneously.

R 
Through retention, kCO increases. If k „.. is the C00 constant

2 

of the flask when retention of CO^ by the buffer is taken into account

and Vf is the volume of the buffer, then

* Vf .R

In this way, knowledge of the R value of the buffer used in a particular 

experiment, in conjunction with the data required to calculate the gas 

•onstanta of each vessel, makes it possible to calculate the true 0
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exchange U'.Oj from the corrected 00 constant (K'O) as follows!
2 j mm ̂wmm v>« v *# w » « v •%* w ̂» O 

*.

» '

kR,,rt . k00
h.K'O

k ro * y'k°< 
2

2

provided a reasonable estimate of the Respiratory Quotient can be made.

PREPARATION OF BUFFERS! In preparing the buffer solutions 

according to the specifications of Warburg & Krippahl (i960), it has to 

be borne in mind that commercial KgCO- invariably contains some HCO, and 

moisture, while KHCG_ contains a variable amount of CO.. The stock 

solutions vere therefore analysed by titration by the method of Kolfhoff 

ft Sandell (1932). K^CO. **• dissolved at room temperature, titrated for 

its content of CO "and HCO ~ ions, and finally brought to exactly 3M with 

respect to total concentration of the tvo ions. KHCO_ was dissolved in 

water by rapid stirring at 30 and was then gassed with lOOJf C00 for 2 hr. 

Titration and standardization at 3M were carried out as for the other 

solution. Mixtures of the two solutions vere made before experiments 

with exact knowledge of the ionic composition.

DLTEHMIKATION OF CO PRESSURES* In order to calibrate the
A

composition of 3M KgCO.-KHCO. mixtures in terms of the equilibrium CO 

pressures maintained in a confined space above them at given temperatures, 

a method was devised based on a modification of the principle of Krebs 

(1930) for determining the C02 content of gas mixtures. HgO (432 mg.) 

and carbonic anhydrase (20 mg.) vere placed in the main compartments of
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conical Warburg vessels of about 25 ml. capacity, fitted with 2 side-arau». 

1 ml. of 4M-NaI was pipetted into one side-arm and 1 ml. of the test 

buffer into the other immediately before attaching the flask to the 

manometer. A control vessel contained 1 ml* of 4M-NaCl instead of the 

test buffer, as well as 0.3 ml. 2N-4COH in the centre well. This vas to 

measure the gas pressure changes (less than 5 mm.) due to changes in the 

vapour pressure. A thermobarometer contained water. The three manometers 

were equilibrated briefly in a water-bath at the required temperature. 

The taps vere closed after the menisci had been adjusted to permit a 

large increase in gas pressure, and the buffer was emptied into the main 

compartment. This caused a rapid output of C00. Equilibrium was
«£

established in about 5-10 ain. - the time taken was used as a rough 

test of the activity of the carbonic anhydrase. The anions present did 

not appear to inhibit the eniyme to a significant extent (see Roughton 

& Booth, 1946 ). The Nal was now tipped into the main compartment* 

NaOB was generated by reaction (4):

2 Nal + HgO + ffgO ——> Hgl2 +2NaOH — — (k)

The C00 of the gas space was rapidly and quantitatively absorbed. At the 

same time, by virtue of reaction (5),

HCO^" + OH"———»CO* + HgO — — (5) 

generation of C00 by the buffer is stopped, permitting exact estimation
tn

of the C02 of the system at the time of tipping* The concentration of 

Nal chosen gave the smallest vapour pressure change on nixing with the 

test buffer in the absence of HgO; a similar test led to the choice of
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the amount of NaCl used in the control*

In fig. 1 equilibrium C00 pressures generated by a range of 3M
<£

mixtures are plotted, based on measurements at 40° • With such data* it 

is possible to calculate the required molar HCO ~ concentration of media 

for any required pH and

DETERHINATION OF RETENTION FACTOR "R*J The capacity of a known 

volume of "C02 buffer" to absorb a known amount of CO^ released by acid 

from a solution of NallCO,, in a separate compartment of a manometer cup 

at a particular temperature, was assessed in Dickens-Simer vessels as 

follows: 3 ml* of 0.154H-NaHCO. were placed in the outer ring, and 

exactly 0.5 ml* of 0.02M-citric acid in the adjoining side-arm. The 

centre well contained the test buffer and 5 small glass beads; in its 

adjoining aide-arm there were 20 rag. carbonic anhydraae. The centre well 

in a control vessel was empty. The gas phase was filled with CO^ + 0» 

(5 » 95) for buffers in equilibrium with C00 pressures of 300 - 500 mm,
e*

Brodie, and air for buffers setting up lower pressures. A tbermobarometer 

contained water. The vessels were shaken in a manometer bath at the 

required temperature for 3 min. The carbonic anhydrase was added to the 

buffer in the centre well* When readings were constant, the acid was 

tipped into the outer ring and readings were again taken until they were 

constant (5-15 min. when 20 (xHoles CO^ were released)* The activity 

of carbonic anhydrase was stable for 1 hr, in this alkaline milieu (pH 9.8) 

as judged by the rate of C02 absorption at different times after mixing.
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The retention capacity of the test buffer was estimated from the 

difference in net gas production in the two cups. "R" was derived as 

representing the absorption of C02 in ^1. per ml. of buffer solution for 

•very on. rise in pressure that occurred.

i'ig.2 illustrates the retention capacity at 40 of a series of

5M mixtures of KgCO. and KHCO-.

APPLICATION OF THE METHOD: Some of the incubations were carried 

out in Dickeus-vSiiaer vessels (Dickens & 3imer, 1931); later, manometer 

cups more directly suited to the aethod were designed in collaboration 

with Mr. F.S. Itolleston and made in the departmental glass blowing 

workshop (Fig. 3). Features of these vessels were the inverted lips of 

the large centre veils, preventing spill of the alkaline contents, and 

extra stoppered openings permitting access to the outer rings* 1 - 2 ml 

of tissue preparation were placed in the outer ring of such a cup, and 

3 ml. of C02 buffer, 20 mg. carbonic anhydrase and 5 glass beads in the 

centre well. The gas space was filled with C$0 + 00 (5 t 95) for the

range of COg pressures 300 - 500 mm. Brodie, and with 100% 0^ for lower 

pressures. To shorten the period of equilibration before accurate 

readings of 0^ uptake could be taken, in standard experiments - where a 

CO. pressure of 500 mm. Brodie was required in conjunction with a 

bicarbonate concentration in the medium of 25 &M - the required mixture

was saturated with C0 r> •»• Og (5 t 93) at *0° for 1 hr. before use.

The 02 uptake of a standard pigeon- liver homogenate metabolizing
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L-laetate at 40° was measured by this method over a wide range of tissue 

content/cup (Pig.4). Accurate results were obtained at rates of gas 

consumption up to 2000 fil./hr. provided all necessary corrections were 

made. Hates were linear 3 sdn. after immersion of the cups in the water- 

bath, a period not longer than that required for routine thermal 

equilibration. Experiments illustrating the use of "CO buffers 1* to 

provide a range of constant COO pressures in homogenates are 

described in Chap. 3. Before such experiments, the constancy of pH in 

media containing all additions except tissue was tested visually by 

including phenol red.

To obtain information on the rates of C0~ production of standard 

homogenates t a second aeries of vessels was incubated, with C0 r. + 00
<£ 4»

(5 I95) in the gas space* The gas pressure changes in these vessels 

were recorded as representing the sum of 0 uptake and C00 output. Using
•i £,

the values for 00 uptake obtained by the use of "C00 buffers'*, the net
2 A

production of C00 into the gas phase could readily be calculated.j>

(Notes This was not corrected for retention of CO^ by the incubation 

medium.)

In some experiments, the 02 uptake and CO formation were 

measured by the principle of Warburg & Yabusoe (1924). A phosphate- 

buffered saline with low bicarbonate concentrations (up to 3 mM) was used.
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Fig. k. Measurement of 0 () uptake in the presence of "CO 

buffers" - linearity with tissue concentration.

Samples of a pigeon-liver homogenate, prepared as 

described in METHODS, were added to a series of manometer cups 

(Fig. 3) each containing in the centre well "5 ml. "CO buffer", 

glass beads and l?0 rag. carbonic anhydrase. CO + 0 (5 : 95)
^

was the gas phase. Incubation was at 40 with rapid shaking, and 

the pressure changes were recorded for the period 5-20 min. , 

during which time they were constant. Calculations to determine 

the <> uptake were tarried out a* described in the text, including 

all appropriate corrections.
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Analytical procedures. The folloving metabolic intermediate* 

vere measured enzyaatically: D-Glucose and "glycogen* (i.e. D-glucos* 

set free by enzymatic hydrolysis of oligo- and polysaecharides) (Krebs 

*t aJU, 1964). IMUucose G-P and D-fructoae 6-P (Hohorst, 1963,a).
£f

IDP and combined triose-P (Bucher & Hohorat, 1963). L-ct-Glycero-P 

(Hohorst, 1963,b). 3-PGA, 2-PGA and PEP (Czok ft Eekert, 1963). Pyruvate 

(Bucher eib al. f 1963). L-Lactate (Gohor»t, 1963 t «). L-Malate (Hohorst, 

1963,d). Fumarate was measured as Ij-oalate after addition of fumarase. 

Citrate and isocitrate (Siebert, 19^3). a-0xo~glutarate (Bergmeyer & 

Bernt, 1963). Oxaloacetate (Hohorst & Reim, 1963). L-Aspartate 

(Pfleiderer« 1963)« L~Glutamate and L-glutaraine (Bernt & Berg»«yer, 1963)* 

NAD'*' (Klingenbcrg, 1963).

Purine nuoleotides: ATP was estimated by the method of Laraprecht 

& Trfcutachold (1963). This determination fails to distinguish between 

ATjp and 1TP 9 but the latter is present in very lov concentrations in 

liver tissue (ileldt & Klingenberg, 1965). Consistently higher ATP values 

were obtained vhen incubations vore terminated by rapid acidification 

and instantaneous freezing, than when acid was added to cups cooled 

slowly in ice. GTP was determined by subtracting the value for ATP 4 ITP 

fron the value for ATP + GTP + DTP + ITP obtained by the method of Adaa 

(1963,a). This procedure was valid only ^faen guanine nucleotides had 

been added to incubated material, as no ready correction was otherwise 

possible for UTP content.

Combined ADP + GDP + UDP + CDP were measured by the method of
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Ada* (1963,b) f in conjunction with the determination of AMP. The method 

was modified to reduce interfering blanks. Tbeae were traced to contam­ 

ination of ATP samples vith ADP, and a variable but significant occurrence 

of AMP in all commercial NAOif preparations tested. The former difficulty 

was overcome by adding ATP (required in the procedure for the adenylate 

kinase-catalysed conversion of AMP into ADP) after ADP bad been determined, 

and the second by treating solutions of NADfl vith alkaline phosphatase 

(see "Chemicals" section)*

In most experiments vhere adenine nucleotides were measured, the 

lack of specificity of the analytical methods was rendered unimportant 

by the large excess of the added adenine nucleotides over the endogenous 

non—adenoaine nucleoside phosphates*

Isotopic techniques* All radioactive materials vere obtained 

from the Itadiochenical Centre 9 AaarslMM* Bucks,

[U- c]*I>-glucose vas dissolved in water containing carrier 

glucose to give a final specific activity of 0,25 nC./^Mole. [U- CJ-D~ 

fructose vas similarly treated to yield the same specific activity* The 

two samples were chromatographed in the two-dimensional system described 

below, followed by autoru<iiogruphyt which shoved that there vere no 

radioactive impurities,

[U- CJ-L-lactate is not commercially available, [U- CJ-sodiua

r 14 i 
pyruvate wan used to prepare pure [U~ Cj-sodium L-lactate by reducing

it with NADH in the presence of lactate dehydrogeuase. while NABR was 

regenerated with ethanol and alcohol dehydrogemise. Vn ampoule containing
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o 
23.6 jaMoles (0.1 mC. ) of labelled pyruvate was opened and kept at 0

while 0.75 »1. 0.02M-KHPO (pH 8.0), 0.1 ml. 0.01M-NAD*, 0.05 «1.

ethanol, 300 ^g. lactate dehydrogenaae and 1000 ag. alcohol dehydrogenaae
were added 

(both crystalline atock suspensions in 2.^-(NH)SO).. After mixing,

the ampoule was incubated at room "temperature for 30 rain. Thia waa 

followed by immersion in boiling water for 2 min. and centrifugation at 

3000 r.p.Bu for 10 min. The supernatant was chromatographed for 4 br. on 

Vhatman He* 1 paper (previously thoroughly washed with water and dried) 

uaing the ascending technique* The solvent was diethyl ether-formic acid 

(90 f 60, v/v). The paper was dried in a stream of cold air for 24 hr» 

and waa then placed on Kodirex Xray film (Kodak ltd., London, W.C.2) for 

48 hr. An intense band of radioactivity, (about 4 cm. broad) waa found 

(Rf 0.8), as well as a pale, thin band with Rf 0.6. On analysis of 

eluates these were found to be I— lactic acid and pyruvic acid, respectively* 

Elation of the principal band was with 2 ml. distilled water over 2 hr. 

The resulting solution was freed of NfH; ions (introduced with the 

enzymes in the preparative reaction) by alkalinization to pH 12 with 

NaOH and vigorous aeration with N0 at room temperature, until nessleri-
*»

mat ion of a small sample showed that NH, ions were absent. The solution4

was brought to pH 7 and stored at -15 * Two-dimensional chromatography 

(as described below) and autoradiography of a sample showed that all the 

radioactivity was located in one spot, representing L— lactate; enzymatic 

analysis enabled the specific activity to be determined. The yield of 

the whole procedure waa 7Q% of the initial labelled pyruvate as L-lactute.
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After incubations of liver homogenates with labelled compounds, 

duplicate 100 ^1. samples of the final neutral extracts were sotted on 

Whatman No.l paper, and descending chromatograms in two directions were 

carried out at room temperature, using the "Semi-stench1* of Crowley et aJU, 

(1962) and butan-1-ol-propionic acid-water (47 « 22 : 31, V/T) as solvents. 

After thorough drying, the papers were placed on Kodirex Xray film for 

3 weeks. A further series of 0.4 ml* samples were added to "diasyiM* 

(0,2£ in O.OlM-s odium acetate buffer, pH 4.4), incubated for 2 hr. at 

50° and then heated in a boiling water-bath for 5 min. After centrifuga-

tion, 200 j^l. samples of the supernatants were chromatographcd as 

described.

Areas of radioactivity revealed by autoradiography were identified 

as follows! i. by their topographic relation to the predicted positions 

of compounds tested (as pure solutions) in this particular solvent system 

by Crowley ejb aK, (1962)* ii. by enzymatic analysis of eluates. iii. by 

one- or two— dimensional co— chromatography with suspected marker substances , 

followed by autoradiography and the use of appropriate sprays for ami no 

acids (Ninhydrin, 0.2$ in ethanol, w/v), aldoses (Partridge, 1949) » ketoses 

(forsyth, 1948), car boxy lie acids (Buch, ^t al. , 1952) and phosphorylated 

compounds (Hanes & Isherwood, 1949)* iv« by location of ultraviolet 

light-absorbing areas.

The radioactivity of areas was measured directly on the paper 

with an end-window Geiger-Muller tube and a Panax Sealer (Panax 

Ltd., Redhill, Surrey). Both sides of the paper were counted to a
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minimum of 10,000 counts, corrected for background activity and dead 

time, and the mean was taken to be the number of counts/rain, in the spot* 

Differences between the two sides were less than 1%. There were losses 

of certain volatile compounds during the procedures e.g. pyruvate / 80Jt 

and L-lactate/>30#, as checked by enxymatic analysis. Acetoacetate and 

acetate were largely lost. Most other compounds of interest were stable 

throughout ehrorontography, although this was tested critically only for 

L-nalate, a-oxo-glutarate, L-<^-glycero-P and glucose.

The initial radioactivity of materials added was determined by 

spotting a series of diluted samples on to paper and counting as above* 

The radioactivity of CO. formed was measured as follows: The manometer

was connected with rubber tubing to a suction system and the CO of the
«£

gas phase and medium, including the bicarbonate, was collected (Sakami, 

1953) at the end of incubation in 3 ml. 2N-KOH. Known volumes of the 

alkali were spotted in duplicate on Whatman No.l paper* previously 

impregnated with 0.1 ml, lOjfc barium acetate solution. After drying, the 

areas were counted as above* Teats showed that there was no quenching 

due to the presence of alkali under these conditions, provided that a 

total of less than 50 ^1. were added.

Assays of enzyme activity. Several enzymes involved in carbo­ 

hydrate metabolism were assayed in pigeon liver extracts. In each case 

the wet weight of the liver, and the dry weight of thrice-TCA-washed 

materials^ were used as reference standards for expression of ensyme 

activities.
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PTROVATE KINA8K (PK) (ATP-pyruvate phoaphotransferase, EC 2.7.1. 

40.). This vaa assayed by two methods. The first was based on the 

procedure of Hucher & Pfleiderer (1955). A second assay system was 

developed to test the effects of pyruvate concentration on FK. This 

vas a sampling method based on the measurement of GTP produced by 

phosphorylatioo of GDP by PR. ADP could not be used as acceptor because 

of interference by adenylate kinase and ATP ases. GTPases were 

insignificant in these extracts.

A series of test-tubes were set up as follows: All but two 

contained 1 ml. of medium consisting of KH^PO^ (66 mM), MgClo (10 oM), 

KC1 (30 o*f), potassium PEP (1 mM) and lithium GDP (2 mM) - all at p8 7.4 

and 25 . One blank contained no PEP (to measure the rate of GTP 

synthesis independent of PK) %nd another contained 0.23 jiMoles of GTP 

(to estimate GTPase activity). The reaction was started by adding the 

freshly-diluted enzyme. Samples were removed at 0, 5, 10 and 20 adn. by 

adding 0.1 ml. of 20Jt perchloric acid and transferring to crushed ice. 

Neutral extracts free of protein and perchlorate ions were prepared and 

analysed for GTP.

The reaction rate was linear for 30 rain, and the calculated 

activity was 60J6 of that found in the same extract by the previous assay 

method using ADP, and equal to that using GDP. There was no endogenous 

6TP synthesis.

y 
ENOLASE (D-2-phosphoglycerate hydro-rase t EC 4.2.1.1.). This

was according to Delbruck £t ul_. t (1959)*
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FRUCTOSE DIPHOSPHATASE (D-fructose 1,6-diphosphate 1-phospho-

hydrolase, KC 3.1,3.11.) was assayed by the method of Underwood &
«L 

Neweholme (1965).

HAUTE ENZYME (L-«alate:NADP oxidoreductase, decarboxylating, 

EC 1.1.1.40.). The measurement was in the direction of L-malate 

decarboxylation according to the method of Rutter It Lardy (1956).

PHOSPHOJBNOLmUVATE CARBOXYKINASE (PEPCK) (GTPi oxaloacetate 

carboxy-lyase, transphosphorylating, EC 4*1.1.32.). This enzyme was 

assayed in pigeon liver in both directions of the catalytic reaction (6)t 

GfP (or ITP) + oxaloacetate ^=i GDP (or IDP) + C00 * PEP — —(6A

i) A spectrophotoaetric uiethod aeaauring the rate of oxaloacetate 

synthesis fron PKP and based on the principle of Stickland ( 1959 tc ) 

was suggested by Mr. L.Y. Eggleston. The method waa modified in view 

of the observed "latency" of the mitochondria! enzyae (Chappell ft 

Greville, 19&3? •** &lso Chap. 2). The indicator reaction was that 

catalysed by malate dehydrogenase (7)s

Oxaloacetate * NADH + H*————^L-*alate 4 HAD* — — — (7)

After killing a pigeon, the liver was kept cold and dry in ice 

for 2 min. It was blotted and cleaned, and passed through a Fischer 

mincer. A weighed quantity of mince was homogncizcd in 3 volumes of 

ice-cold medium containing 0.25M-sucrose, 0.01M-"trisH , 0.0002M-EDTA, 

and 0.01M-2HBercaptoetiianol» all at pH 7*4 and freshly prepared. 2 ml* 

of the homogenate were now sonicated for two separate periods of 60 sec.
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in an M.S.ti. ultrasonic disintegrator (fr> watt, probe /8") (M.3.K. 

Equipment Ltd., Spenser Street, London, S.W.l) to give the final extract 

for assay.

3 ml. of the medium at 23° contained the following: "trio" 

(40 mK), MnCl2 (1 mM), sodium PEP (l mM), sodium IDP (1.3 mM, freshly 

dissolved), NaCH (0.2 mM), NAI>» (0.13 mM), 2-mercaptoethanol (10 mM), 

dialyeed malate dehydrogenase (4 ^g.) and NaJICO, (15 aM, saturated with 

C00 ), which was the only constituent omitted i\ the blank. The reaction 

was started by adding suitable amounts of extract, diluted just before 

use with ice-cold homogenizing medium. The absorption at 3^0 HV va» 

followed in an automatic recording spectrophotometer (Gilford Instrument 

Laboratories, Inc., Obttrlin, Ohio, U.S.A.)* A steady state was reached 

in 1 - 2 mi a. and the reaction was then linear for 60 min. Activity was 

proportional to extract concentration over the measurable range of rates. 

Cyanide was added to inhibit the considerable blank KAMI oxidase activity 

activated in homogenates by souication. This blank was reduced from 30^ 

of the total activity to lesa than 8% in the presence of 0.2 mM cyanide. 

The KADH oxidase was also decreased by freezing and thawing the extract 

(less than half remained after 48 hr, at -13 ) or by centrifugation at 

100,000g for 45 min. (?0$ decrease). 2-Mercaptoethanol, when included 

throughout the procedures, increased the activity by 2ft - 30$; when it 

was included in the assay only, the increase was still significant and 

varied between 10 - 20^, Reduced glutathione (1.66 mM) could be used 

with similar results. "Tris" was the best buffer, although triethanolaraine
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could also be used. The concentrations of other reactants in the 

standard assay vere optimal (see Chap* k for details)*

A significant blank activity is caused by PK reacting in 

conjunction with lactate dehydrogenase. These two enzymes are plentiful 

in the whole homogenates and PK contaminates all commercial malate 

dehydrogenase preparations (L.V.Eggleston, personal communication). 

The interference of this blank was reduced as follows!

a) The use of IDP instead of GDP decreased the activity of PK, 

which vhen tested in the assay system previously described reacted with 

ADP, GDP and IDP in the ratio 100 : 60 :

b) The medium was kept free of K and NH, ions (both activators 

of PK - Kachmar & Boyer, 1953) by using sodium salts of reactants v and 

by dialysing the malate dehydrogenase suspension until it was free of 

NH. ions*

c) For kinetic studies (see Cf^ap. 4) of the mitochondria! 

enzyme 9 an initial purification was achieved by using washed, sonicated 

mitochondria as starting material* The lactate dehydrogenase and PK 

activity of such extracts was very low (2$ of the unfractionated 

homogenate) .

When the initial homogenization was carried out in distilled 

water, the rates were very low before aonication; even after sonication 

they failed to exceed 59$ of those obtained in the standard procedure, 

The activity was very low in standard "sucrose* homogenates before 

sonication (see Chap* k, Table 25), and the application of repeated



freezing and thawing cycles (Banduraki & Lipaann, 1956; Nordlie & 

Lardy, 1963,b) was less affective than sonication in releasing "latent" 

activity ; in fact, increasing degrees of inhibition were observed after 

3 auch cyolea. Furthermore, the enzyme previously released by sonication

was unstable to repeated freezing and thawing during storage at - 

(kQ% decrease after % cycles over 2 months) although the effect was less 

marked than when unfraotionated hot&ogenatea were subjected to rapid 

cycles of this kind.

ii) A sampling method similar to that of Nordlie & Lardy (1963, b) 

was used to measure the rate of phosphoenolpyruvate synthesis from 

oxaloacetate and ITP or GTP. The extracts were prepared as for the first 

method, and (similar findings relating to "latency*1 were made.

A number of tubes were set up at 25 , containing the following

in a volume of 1.5 ml. « "tria" (50 m*) f N«F (13 m*) v MgSO^ (13 

sodium ITP or lithium GTP (3 «H)t sodium oxaloacetate (5 «M) and 2-atercap- 

toethanol (10 mM) - all at pH 8 or 7«^» The reaction was started by 

mixing in samples of extract; to the zero-time sample 0.15 •!• of 20Jt 

HC10. wers immediately added, while other samples were removed at

intervals over 20 min. Neutral extracts free of protein and CIO."* ions4

were prepared as rapidly as possible (as earlier described for incubations 

involving pigeon-liver hoatogenates) . l*yruvate and PEP were now 

estimated in the extracts by an enzymatic procedure (see Analytical 

Procedures)* An important feature of this analysis was the adherence to 

a strict time schedule during the setting up of cuvettes and addition of



enzymes; thia enabled an accurate time course of the absorption changes 

to be plotted, so that the PEP concentrations could be estimated by 

graphical corrections for the constant rates of oxaloacetate decarboxy- 

lation (to pyruvate) occurring during the procedure. This vas checked 

with standards*

The reaction rate by this sampling method was linear for 20 min. 

and vas of the same order as that observed in the opposite direction by 

the other method of assay. For kinetic work, the same precautions 

described above were taken to reduce blank PK activity* The addition of 

oligomycin as an inhibitor of ITPases (Holten & Nordlie, 1965) had no 

effect on the rates obtained in this system.

KINASE (ATP s AMP phosphotransf erase, EC 2.7.^.3.). 

This was assayed according to Oliver (1955).

WJCLEOSIDE DIPH06H10KINASE (NuDiKi) (ATP s nucleosidediphosphate 

phosphotransf erase, UC 2*7*4.6. ), This was assayed by a method derived 

from Berg & Joklik (1953), based on reactions (8), (9) and (10)s

GTP + ADP N GDP + ATP — — — (8)> •» /
Mir2* 

ATP •*• D-glucose — !!* ——— > ADP + D-glucose 6-P — — (9)

D-glucose 6-P + NADP* —— > 6-ijhoaphogluconatc 4 NADPH + H^ — (10) 

Extracts were prepared exactly as described for the assay of PLPCK, since 

"latency" phenomena were found, very similar to those observed with that 

ensyme.



- 45 -

2.1 ml. of assay median at 25° constituted the "basic mixture"! 

triethanolamine (75 mM), MgClg (5 mM), D-glucose (10 mM), NADP* (0.5 ««)t 

hexokinase (10 ^g.) and glucose 6-P dehydrogenase (10 ^g.) - all at pH 7.4 

or 8.0 After mixing, the absorption at 340 z*t was followed by automatic 

recording. As soon as the base-line had been recorded, 2 ^Moles of ADP 

were mixed in. An initial rapid reduction of NADP* followed, due to 

contamination of ADP with ATP, but a low, constant blank rate was soon 

attained (2-3 min.). 2 ^Moles of GTF were now added. The constant, 

slightly increased activity was due to NuDiKi contaminating the ancillary 

enzyme*. Finally, a sample of freshly-diluted extract was added. A 

steady state was reached in 1 - 2 min., after which the rate was linear 

for 30 min. or as long as sufficient NADF was present. This rate was 

corrected for the blank rate immediately before addition of the test 

extract* A separate blank was set up to assess the contribution of 

adenylate kinase to the recorded activity. In this case, enzyme extract 

was added to the basic mixture firat, followed by ADP.

NuDiKi activity was proportional to extract concentration over

2+ the widest range possible. The concentrations of Mg , glucose and

NADP* were optimal. A balance had to be struck in the ease of the 

auxiliary and indicator enzymess on the one hand, it was desirable to 

keep as low as possible the amount of NuDiKi and Nil, contaminating 

these enzymes; on the other, a sufficient excess of their activity had 

to be permitted to allow accurate kinetic studies on the test enzyme to 

be carried out. Tests snowed that the concentrations used in the
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standard procedure vere optimal. The concentrations of ADP and GTP 

based on studies described in Chap* 4.

This method of measuring NuDiKi is rather more suitable for 

tissue extracts (such as pigeon liver extracts) where NuDiKi activity 

is high relative to adenylate kinase, and procedures are available for 

physical separation of the two activities, such as differential centri- 

fugation. Preparation of washed mitochondria resulted in considerable 

purification of NuDiKi and reduced the amount of adenylate kinase by 

55*.

FYRUVATE CARBQXYLASE (Pyruvate I CO ligase (ADP), EC 6.4.1.1.).

The rate of CO incorporation into dicarboxylic acids (and other 

intermediates of metabolisn) in pigeon-liver horaogenates and mitochondria 

was measured with an iaotopic technique developed in this laboratory 

and assumed to be a measure of pyruvate earboxylase activity in crude 

tissue preparations capable of carrying out oxidative phosphorylation 

(Krebs v Eggleston & Lund, 1966 - in preparation). The method depends

on incubation of extracts with high concentrations of pyruvate and

14C-Na-CO-. Oxaloacetatc formed by the action of pyruvate carboxylase

(using ATP generated by oxidative phosphorylation, as veil aa some added 

ATP/ is reduced to L-malate in the presence of highly-active malate 

dehydrogenase and NADH (the latter fortified in the system by addition 

of NAD**" or NADS). A large pool of unlabelled L-malate is added to "trap" 

the labelled molecules , so t x*at losses of incorporated C by secondary
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reactions of L-malate and oxaloacetate are reduced to a minimum. 

Knowledge of the initial specific activity of (C02 + HCOj"" + CO^") in

the system, and of the total incorporation of label into acid-soluble
Ik 

non-volatile material, allows the calculation of the not rate of C02

incorporation* Since significant differences in the behaviour of 

homogenates of pigeon liver and those of other tissues (rat liver and 

kidney, bovine liver and rabbit skeletal muscle) were found, a detailed 

investigation of the pigeon-liver system was carried out. A description 

of the basic procedures is given here; further studies will be described 

in Chap. 4.

1 g* of fresh pigeon liver was homogenised in 6.5 ml* of a saline 

medium prepared by mixing 40 ml. 0.134M-4CC1, 9 ml. O.lM-Kl^PO^ (pH 7.4) f 

1 ml. 0.05M-Mg€l2 and 10 ml. O.SM-NaflCQ-, saturated with COg * Og (5 « 95) 

before use. 0.5 ml. were placed in the main compartments of small conical 

manometer vessels (capacity 7-8 »!•) each already containing MnClg 

(0.5 tiMoles), ATP (0.5 j^Moles) and NAD* (0.25 fiMoles), as well as sodium

pyruvate (20 ^Moles) and sodium L-aalate (20 ,aMoles) in a final volume
14 , of 0.45 »!• The side-arms contained 0.05 ml. C-Na2CO- (2.5 ^C. f

0.17 t4Fole) and the gas space COg + 02 (5 » 95)* At zero-time, the 

contents of the flasks were mixed and the incubations were carried out at 

25° in a water-bath with shaking. After a suitable period (e.g. 7 min.) 

the flasks were removed, 0.25 ml. of 15$ trichloracetic acid was added 

and after centrifugalion, the radioactivity of small samples of the 

supernatant* was determined as described under "Radioactive techniques",
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aa was the initial radioactivity of the C-NagCO,. The C02 content of 

the honogenate at the start of incubations vas determined by a number 

of tipping experiments and vas found to be constant enough to use an 

average value (16 ^Moles/cup) in further work done under the same 

conditions. In certain experiments* washed mitochondria were suspended 

in the above homogenizing saline and incubated as described.
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CHAPTOl 3

RRGUUTIOH OF CARBOICTIATE METABOLISM IK

PIGEON-LIVER ftOMOGENATES

Kreba «_t aJU t (19&*) have daacribed some of the conditions under 

which carbohydrate ayntheaia from L-laetate and certain other precursors 

occurs in pigeon-liver hooogenates. This was the firat recorded instance 

vhere rates of net glucoae synthesis approximating thoae found in vive 

were obtained in a cell-free liver preparation, and the system was 

regarded aa suitable for the detailed investigation of some control 

mechanisms of hepatic carbohydrate metabolism.

The homogenates perform the complete aeries of reactions leading 

from lactate to glucoae, as well aa the required energy-supplying 

processes* Throughout these studies, however, it has been necessary to 

recognize clearly that in many important respects the hoaogenates aa 

incubated differed from intact liver cells because of

i) the break-down of all cell membranes and of an undefined part 

of the intracellular structural organization,

ii) the dilution of the "soluble" cytoplasm by 15 times in a saline 

buffer, without corresponding dilution of enxyme systems within intact 

organellea, and

iii) the activation of autolytic enzymea.
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The results have therefore been correlated as far as possible with those 

obtained by workers using other preparations such as liver slices and 

isolated perfused livers* In general, agreement has been good enough 

to suggest that many physiologically important control mechanisms 

operated in the disrupted cello, and were in then more amenable to direct 

study than in the other systems*

Besides active carbohydrate synthesis from lactate y pigeon- 

liver homogenates also metabolise added glucose, or utilize endogenous 

carbohydrate, on incubation without gluconeogenic precursors* Since the 

problem of the direction of carbohydrate metabolism is one peculiar to 

this organ (and to the kitiney), the homogenates have been studied with 

reference to the regulation of both degradativt* and synthetic pathways* 

IB particular, some of the mechanisms that may control "switches" from 

one to the other have been investigated* The homogenates form a 

convenient system for examining whether the activations and inhibitions 

found with isolated enaymes may operate in the functional multi-enzyme 

systems of the liver cells*



- 51 -

SECTION A

lOPERTIES OF PJGKOK-LIVER nO

CABBOHTNBATE SYNTHESIS* The optimal conditions for maximal 

rates of carbohydrate format ion from lactate have been defined by Kreba 

et al>« (1964). These were confirmed in the present work and nay be 

•uflsaarised as follwvst

i) Essential components were both Na* and K ions, EDTA (0.25 nM)t 

Mg2* ions (1.25 a*i), Pi (4-20 «M), HC03" (25 nM) («ee below) and NAD*

(0.125 - 0.5 aM).

ii) High concentrations of lactate vare required (20 - 40 nN) 

because of rapid rates of utilisation, about a quarter of the lactate 

removed being converted into free glucose (rather than glycogen).

iii) The rates vare much higher in liver hoooganates from pigeons 

starved for 48 hr. than in those from well-fed birds or birds refad 

after such a period of starvation.

iv) Both the particulate and the "soluble" fractions of the hoiaogen- 

atas vare required.

v) The rates vare approximately linear for 45 rain., after which there 

was a decline in lactate removal, 0^ consumption and carbohydrate 

synthesis.

vi) Synthesis from a variety of other precursors (funarate, glutaaate, 

a-oxo-gltttarate, plycerol and <i-glycero-P) did occur but was Bach slower
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than from lactate*

vii) AMP and ATP addition drastically decreased the net synthesis 

of carbohydrate from lactate*

Effect of HCO- concentration on carbohydrate formation from 

lactate; This was tested using the manomctric procedures described in 

METHODS; the results are shown in Fig* 5* Both the rate of lactate 

utilisation and 0Q consumption increased only slightly with increasing 

HCO ~ concentrations, while carbohydrate synthesis was stimulated oter 

3 fold by railing this concentration from 3 to 25 »M» In the phosphate 

buffer (20 nM) without HCO ~, net formation of carbohydrate hardly 

occurred. HCO ~ is known to be a reactant in gluconeogeneais at the 

stage of pyruvate carboxylation* The K value of pyruvate carboxylase 

for HCO~ is about 1 mM (Utter & Keech, 1963} while that of malate 

ensyme is 39 oM (Utter, 1963). The possibility is raised that part of 

the conversion of pyruvate into PUP proceeded via ma late enzyme, nalnte 

dehydrogenase and PiPCKj the experii&ents with isolated mitochondria in 

Chap* 4 show this to be unlikely* The observed effects »ay be partly 

due to inadequate buffering (in the absence of HCO ~) in the face of 

rapid production of alkali when laetate is oxidised to CO . or converted 

to carbohydrate*

CARBOHYDRATE DEGRADATIONi Fresh liver hoBtogenates prepared from 

well-fed pigeons contained much endogenous carbohydrate, mainly gjyrogen; 

starvation for k& hr* as described in METHODS depleted this store by
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and carbohydrate synthesis in pigeon-liver homogenates (starred bird).

A standard liver honogenate (not containing HCO ") was prepared as 
in MCTHODS and 2 ml. portions were incubated for 45 min. at 40° i 
special manometer cups (Fig. 3) containing 3 ml. of "CO* buffer" ° 
the centre wells, together with 5 glass beads and 20 mg? carbonic^ 
anhydrase. The composition of the "CO buffers", HCO conc'na • 
the medium and CO pressures in the gat phases were selected foil 
on calculations described in detail in METHODS. The hoaoirenat. ** 
each cup contained 20 mM Pi and 0.5 mM NAD*, and their dry wt 
1.2 Wcup. «, neV c^f^ntfe Jy,Hc*j; o : Ucklere^^j- 4 . 0- . ^
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over 90)J on average. When horaogenates from starved pigeons were 

incubated, 5 mM glucose waa added to saturate the capacity to metabolize 

carbohydrate. Since more accurate measurements of net changes could be 

made, most of the studies of optimal conditions for carbohydrate removal 

were done with this system.

In the standard saline of Krebs et al.., (1964) glucose was 

removed at 60 - 80 ^iMoles/hr./g. dry wt. at 40°. Very little glycogen 

or oligosaccharide was formed - less than 10^ of the hexose removed.

The uptake was linear for 45 min. When K ions vere completely replaced"' ''t*i

with Na ions, glucoae uptake was reduced by 40$ (see Ashmore et al.« 

1957) • This may have been due to the activating effect of K ions on 

3 important glycclytic enzymes - hexokinase (Perez et ajU , 1964) » PFK

(Passonneau & Lovry, 1964) and PK (Kachmar & Boyer, 19 j3). The optimal

2+ 2+ concentration of Mg was 1-3 uMf as both omission of Mg*~ and
2+ concentrations higher than 4 itlt were inhibitory. Hg ions inhibit PFK

(Passonneau & Lowry, 1964) and activate FDPase (Underwood & News hoi me, 

1965 f a). Omission of EDTA had no effect on the overall rate of carbo­ 

hydrate removal. Increasing the concentration of Pi from 3 to 20 mM 

increased the ratea by 15% 9 while omission of Pi halved them (see Uyeda 

ft Hacker , 1965)* When HCO_~" was not included and Pi was 20 mM, the 

glucose uptake was only 75% of that which occurred when 5 mM HCO ~ was 

added or the standard saline was used, in agreement with Hastings & 

Fanestil, (1963). NAD* addition (0.25 - 0.5 aM) stimulated glucose 

removal by 25 and 40)£ respectively, as found by Wenner et ai . • (1953).



- 54 -

In each case there was * proportionate increase in adenine nacleotides 

«t the end of incubation, including AMP, and part of the effect was 

probably due to pyrophosphorolysia of NAD* (Baugaard et ajL, I960),

SECTIOK B

GAS EXCHANGES IN PIGEON-LIVEE IJOMOOEMATES t In standard homogen- 

ates (starved pigeons) the 02 consumption in the absence of lactate but 

presence of added glucose was 800 - 1000 ^iMoles/hr./g. dry wt. at 40 , 

while in the presence of 40 mM lactate it was 30 - 60# higher, though 

less well sustained (e.g. Table 9). (The corresponding values in 

phosphate-buffered hoiaogenates were 10$ lover.) The amounts of CO^ 

foraed were such that the respiratory quotients were 0.83 - 0,88 in the 

a?>6ence of lactate, and 0,55 - 0,60 when it was added. This latter low 

value is due to the fact that 1/3 of the respiratory CO,, formed fro* 

lactate appeared as HCO ~ f while the conversion of lactate into carbo­ 

hydrate formed alkali which converted free C0« into i!CO,~,

On the basis of the ATP requirements and assuming an average 

I/O ratio of 3 for oxidativo phosphorylation, an uptake of 1 jaMole of 

Og would be needed for the synthesis of 1 {^Mole of glucose. The observed 

ratio

extra 0^ used on addition of lactate

glucose equivalents foraed
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was snich higher, e.g. 5 - 7. This high 02 uptake was probably due to 

other energy-requiring processes taking place, or to the fact that the 

efficiency of mitochondria! phosphorylation was lower than the above 

estimate.

The 02 consumption of homogenates from well-fed pigeons was 

rather lower (500-600 ̂ oles/hr./g. dry wt. at 40°) and the increase 

caused by lactate addition was smaller.

SECTION C

THE EFFECTS OF ADENINE NUCLOTIDES ON CARBOHYDRATE METABOLISM 

IN PIGEON-LIVER HOMOGEKATESi The addition of adenine nucleotides to 

these hoswgenates greatly increased the rate of carbohydrate removal 

in the presence and absence of lactate. Apart from being reaotants in 

kinase reactions (hexokinuse, glucokinase, PFK, phosphoglycerokinaae, 

IK) and in oxidative phosphorylation, adenine nucleotides are known to 

affect the activity of at least two key enzymes of hepatic carbohydrate 

Metabolism. PFK is inhibited by ATP and deinhibited by ADP and AMP 

(Pasaonneau A Lowry, 1964; Underwood & Nevsholne, 1965,b). FDPase is 

inhibited by AMP (Taketa & Pogell, 1963; Undervood & Newsholae, 1965,a). 

As these activations and inhibitions were taken to be of importance in 

the regulation of carbohydrate uwtabolisa (Krebs, 1964,a) the effects 

of added adenine nucleotides, mainly AMP, were examined in detail.



-56-

Sfobility of added nucleotides: Preliminary experi«ent» 

indicated tliat added adeuine nuclootides rapidly disappeared in pigeon- 

liver honogenates prepared by the method of Kreba et aK, (1964). Most
p of the added nuclcoiidea were lost within 10-20 rain, at 40 , the

degradation being mainly due to 3'-AMP deaminase and 5*-micleotidaae 

(Dresel, 1933; see also Haugaard et al.., I960; fiederaann & Bom, 1963} 

Berry, 1965). Both these enzymes are known to be inhibited by Pi (Ki*« 

et al,, , 1963; Segal & Brenner, I960), and, as expected, increasing the 

Pi concentration in the incubation itiodiujn from 4.7 to 20 all greatly 

diminished the loss of nucleotitle, especially in the presence of lactate 

(Table l). The results shown in Table 1 indicate that the protective 

effect of lactate at 20 mM-Pi was associated with the maintenance of 

a high concentration of ATP and a low concentration of AMP, the adenine 

nucleotide most liable to enzynic hydrolysis. Because of its stabilizing 

effect, 20 mM-Pi was used in most subsequent experiments. Lactate 

increased the rate of respiration (Section I)) and the maintenance of 

higher ATP/AMP ratios in the presence of added lactate was probably 

related to the provision of substrate for coupled respiratory-chain 

phoapho*ylation (State 2 to 3 transition of Chance & Williams, 1955).

NAD rapidly disappeared during the preparation of the homogeuate 

(see Krebs & ROM, 196%) and on incubation both endogenous and added 

HAD were extensively degraded under standard conditions. Nicotlnaiaide 

at 20 raM inhibited this process. When NAD* (0.5 oM) was added to the 

medium, almost half was lost in 45 ntin. in the absence of nicotinamide,
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and about 20* vith 20 eM-nicotinaMtide. The addition of AMP (2.5 *H) 

did not affect the rate of NAD"*" loss nor vas this affected by increasing 

the Pi concentration fron 5 to 20 aM.

Equilibrium in the Adenylate Kinaac system; The value of the 

quotient [AMp][ATP]/[ADp]2, as calculated froa the data obtained in these 

experiments, varied betveen 0.45 and 0.65, apart from instances where 

lov values for AMP introduced a large error* The quotient at equilibrium 

varies betveen 0*4 and 0.9 vith the Mg * concentration (Boven & Kcrvin, 

1956)9 while it also varies vith the concentration of other completing 

agents 9 vith the total nucleotide concentration, and vith the ATP/ADP 

ratio (Rrebs, H.A., Gevers, W. ft Gascoyne, T. - unpublished observations; 

see also Bock, I960). Thus adenylate kinase appears to have maintained 

the concentrations of the reactants near the equilibrium position, 

suggesting that the activity of the enzyae vas high compared with the 

rate of ATP synthesis and utilisation. Assay of adenylate kinase in 

fresh liver hooogenates and cell fractions (see METHODS) shoved that

i) the average activity vas 20-30 (jjfales/nin./g. vet vt. at 25 

(8 birds). Since the oaximum rate of 0^ uptake in the presence of lactate 

(Section B) vas about 2.5-3 fiMoles/«in,/g. vet vt. at 25 » the rate of 

ATP synthesis vas not greater than the activity of adenylate kinase.

ii) The activity vas the sane in livers front veil-fed and starved 

pigeons.

iii) 55# of the activity vas in the supernatant after centrifugation 

of a standard sucrose hooogenate at 30,000g for 20 min.; the remainder
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was recovered in the resuspended particulate fraction, and 9<$ of this 

was solubiliaed by sonication (2 treatments of 60 sec.) into the 

Hup«rnatant after farther eentrifugation at the same force.

iv) The enzyme did not exhibit "latency" in that sooication of 

the whole homogenate or the particles did not increase the activity in 

the assay. According to Chappell & Greville (19&3) this implies that 

none of the substrates were prevented by permeability barriers from 

reaching the active site, supposing the view of Chappell A Crofts (1965) 

that most of the mitochondria! adenylate kinase lies outside the atrac- 

tolyside-sensitive membrane (Klingenberg & Pfaff, 1966), and that it may 

be concerned mainly with extra-mitochondrial metabolism. In experiments 

described in Chap. 2, where adenine nucl cot ides were added to washed 

mitochondria, the quotient [AMPJ[ATPJ / [ADPj2 , where it could be 

accurately determined, varied between 0.10 and 4.0.

EFFECTS OF ADDED AMP ON HOMOGEKA7ES OP IlVEKg •, HIPM STARVED PIGEONS. 

IN TILE Pmm^CK AMP ABSENCE OF UCTATEt

Effects of tho addition of A>!P on the formation and disappearance 

of carbohydrate : The disappearance of added glucose in pigeon-liver 

hottogenates was greatly accelerated by AMP (Table 2, cups 2 and 3)» the 

formation of glycogen did not account for the removal of glucose. The 

addition of lactate plus glucose gave rise to substantial gluconeogenesis 

(cup 5) f which was completely abolished by AMP (cup 6). In fact, in this 

experiment more glucose disappeared in the presence than in the absence



- 59 -

of lactate.

Similar effects of AMP were observed in over 20 other experiments. 

Final AMP concentrations of 1.25 aM were generally more effective than 

concentrationa of 5 n#. At n*t-Pi, the effect of AMP on glucose disappear­ 

ance was smaller,

Effects of AMP on the concentration of intermediates of carbo­ 

hydrate metabolism; The addition of AMP caused characteristic changes 

in the concentrations of intermediary metabolites (table 3) t which 

depended on the presence of lactate* When no AMP was added the concen­ 

trations of glucose 6-P and fructose 6-P increased on incubation, and 

these increases were approximately doubled by lactate. The addition of 

AMP (final concentrations 0*1 - 2 aM) led to a fall in the concentrations 

of both hexose phosphates and abolished the increases found on incubation 

with lactate*

The most striking changes were those in the concentrations of 

FDP and trioae-Pt which increased more than 100-fold on the addition of 

AMP in the absence of lactate. There was a relatively small increase 

without AMP. Lactate abolished these increases and, instead of FDP and 

triose-P, large quantities of 3~glyeero-P appeared, eapecially vhen AMP 

was added.

The accumulation of FDP and triose-P did mot occur in homogenatea 

from starved birds to which no glucose was added; in other words* the 

presence of glucose or glucogen was a prerequisite of the accumulation. 

This suggests that the bulk of the three intermediates was derived from



Table 2. Effects of added AMP on carbohydrate metabolism in pigeon-liver homogenate
(bird starved for 4Hhr.)

The data refer to 4,nl. of liver homogenate. The medium contained P, (20m«) and XaHCO, < 25m "> ; ^ 
gas spac* contained CO2 +O2 (5:95). Glucose (5mn) waa added. AMP was added from a Bi.le arm after 15mm. 
and the incubation was continued for another 30min. The tissue dry wt. was S'Mng./cup.

Cupno. ... ... ... ... ... Initial 1 2 3 4 5 6
Additions (other than glucose): .,

LacUte (nm) ... ... ... ... 40 4° 0 r
AMP (mM) ... ... ... « ... 2-5 'o

Time of incubation (min.) ... ... 0 15 45 45 15 4O

Metabolites found (umoles/cup)
Glucose 2-5 19-5 142 59 239 27:, b-«» 
Glucose + glycogen 3-9 21-1 16-8 85 25-5 30 r, 8-4 
Glycogen 1-4 1-6 26 26 1-6 30 1-H

Changes between 15 and 45min. 
(umoles/cup)
Glucose -5-3 -136 +36 -173 
Glucose + glycogen -4-3 -126 +50 -171 
Glycogen + 1-0 +1-0 +15 +03

Table 3. Effects of AMP on the concentration of intermediates of carbohydrate metabolism in
pigeon-liver homogtnate (starred bird)

The data refer to the name experiment for which values for glucose and glyeogen are given in Tahie 2

fup no. ... ... ... ... ... Initial 123450
Additions other than glut-one ... None None AMP Lactate Lactate

Tune of incubation (min.) ... ... 0 15 45 45 15 45 ,~

Intermediates found (umoles'Vup) 
(ilucoMC 6-phoophate

iK'tone, 1 ,6-diph(mphato
ioM*- |)hi 
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0-14
4-28
1 24
0-17
0-66
0-38

97-5

059
0 10
0 13
042

15 1
0-28
0-04
0-10
0-27

890
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I'hoHph' «-M<i|pvrii\ ntc 
1'yruv at. 

t«>

in Itn t«i< i Minolci* ( up) -  1-24  0-67  0-68  21-5  64-0
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carbohydrate rather than froa gluconeogenic precursors. Results similar 

to those in Table 3 w*r« obtained in every experiment where (l) the AMP 

concentration measured at the end of incubation was 0.1 raM or higher, 

(2) the concentration of added NAD* was 0,125 *& or 1**»» (3) glucose 

vas added and (4) the concentration of Pi was 5 «M or more* Greater 

aiaounts of 3-PGA, 2-PGA, PEP and pyruvate were found at the end of the 

incubation in the presence than in the absence of lactate fbut AMP caused 

a fall iu the concentrations of all four intermediates with and without 

lactate. This fall was greatest for P12P and least for pyruvate.

These observations are all in agreeaent with the assumption that 

some of the rate-limiting reactions, and factors controlling them in 

the hoaogenates, included the following (only activations and inhibitions 

relevant to the interpretation of the results are listed)!

i) PFKf activated by AMP and AI>P, arid inhibited by ATP and citrate 

(Passonnoau £ Lowry, 1964$ Underwood & Newsholme, 1965 »b)f

ii) Hexokinase, inhibited by glucose 6-P (Weil-Mainerbe & Bone, 1951 j 

Crane & Sols, 1954);

iii) FDPase, inhibited by AMP and by POP above 0.1 cW (Taketa ft 

Pogell, 1963; Underwood & Newsholoe, 1965.a; see Section D)?

iv) Glyceraldehyde 3-pnosphate dehydrog«nase, limited in the direction 

of glycolysis by a low concentration of NAD f but fully active in the 

reverse direction, reflecting the differences in the kinetic behaviour 

of the enzyme towards NAD* and NADH (Velick * Furfine, 1963 - data for
i '

rabbit-muscle enzyme).
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Th« three changes that occurred on the addition of AMP, namely 

the rise in the concentrations of FDP and trio»e-Pf the fall in those of 

hexose 6-P and the increased removal of glucose, could be accounted for 

by the behaviour of PPK (effect l), plus the increased ac)(tiviiby of 

hexokinase (effect 2). The inhibition of FDPase by AMP and FDP (effect 3) 

accounted for the flow of carbohydrate metabolism in the direction of 

glycolysi* as opposed to gluconeogenesis. That glycolysis did not 

proceed beyond the formation of trioae*-P and caused an accumulation of 

FDP and triose-P was due to effect A.

The changes that occurred in the presence of lactate and absence 

of added AMP, namely a fall in the concentration of FDP and rise in that 

of hexose 6-P were accounted for by the de-inhibition of FDPase (effect 3), 

and possibly also by inhibition of 1?$K (effect l) associated with 

increases in the ATP and citrate concentrations, in conjunction with a 

fall in both AMP and ADP. The occurrence of a net synthesis of carbo-­ 

hydrate shows that triose-P dchydrogenase was active in the reduction of 

1,3-diPGA (effect k), as expected on account of the measured concentration 

of VADH in the hoaogenate (6-10 fiM; Krebs & Hetas, 1964).

Effects of NAP concentration in the absence of lactate t 

Addition of AMP further accelerated the increased removal of carbohydrate 

caused by raising the NAD concentration frora 0.125 »aH to 0,5 aM (Table 4). 

At this higher MAD concentration the addition of AMP caused no accumu­ 

lation of FDP and triose-P. The observations are accounted for by the
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rate-limiting function of NAD* in the triose-P dehydrogenaae system 

(effect 4). At 0.5 «H-NAD* this step no longer blocked the degradation 

of triose-P, Hence, in the absence of laetate, more glucose vaa broken 

down to the stages of pyruvate and beyond, and this breakdown v*» 

greatly enhanced by AMP (effect* l f 2 and 3). This interpretation is 

confirmed by another experiment in which the yield of C0(> from [U- CJ-
Aw

glucose (2.5 fioM) vaa determined during a 30 »in. incubation after the 

Addition of AMP (2.5 taM) in the absence of laotate. AMP caused a 2."5-fold 

increase in the number of counts in carbon dioxide.

Effects of NAD concentration in the presence of lactate: The 

synthesis of carbohydrate in the presence of lactate was not affected by 

the addition of MAD* (0.5 «W) (effect 4). A detailed analysis of the 

effects of AMP in such homogcmates to which lactote and [U- CJgiucose 

were added, and where cliieoneo^cmeais predominated over ftlycolysis, was 

nade in a further experiment (Table 5). The synthesis of carbohydrate 

that occurred in the absence of AMP was associated with a progressive 

fall in the specific activity both of glucose and of glucose plus 

glycogen until, at 90 rain,, it was less than half the starting value* 

However, only al/out one-fifth of the total radioactivity vac not 

recovered as glucose or glycogen, which indicates a lover rate of glucose 

degradation under the teat conditions i.e. in the presence of lactate 

(see DISCUSSION). In contrast, there was & net disappearance of glucose 

in the early stages after the addition of AMP, where the concentration of 

AMP, which fell (cup 3) from 2.5 to 0.23 nsM in 15 tain., remained high
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eneugh to inhibit. Wben the concentration of AMP dropped further to 

0.14 nM after 60 rain., a net synthesis of glucose began. There was no 

fall in the specific activity of glucose until net synthesis occurred. 

The data for the radioactivity of glucose plus glycogen were similar to 

those found for free glucose; hence the fall in specific activity vas 

not due to the formation of glucose from glycogen.

The concentrations of intermediates in these experiments were 

very similar to those given in Table 3, describing an experiment where 

the concentration of added NAD vas 0.125 a*f y except that the concentrat­ 

ion of FDP at no stage rose above 0.01 aM (Table 5). Adding NAD (0.5 a 

did not abolish the extra formation of a-glycero-P caused by the 

addition of AMP in the presence of high concentrations of lactate. The 

•JBOunt of radioactivity in a~glycero~P increased sharply (Table 5). 

During the first 15 adn. after AMP addition, 41900 counts/rain. v»re last 

from glucose, of which 33700 counts/Kin, appeared in a-glycero-P; the 

net increase in the latter was 5.12 ^Moles/cup, which would, if derived 

entirely from glucose, account for 31600 counta/min. Thus AMP, on 

balance, caused a breakdown of carbohydrate to the level of triose-P; 

but,in the presence of lactate, trioae-P vas not dehydrogenated (effect **) 

but reduced to a-glycero-P in accordance with the reaction}

Lactate + dihytooxyacetone phosphate * pyruvate + a-glycero-P 

The concentrations of the four reactant« were close to those of the 

equilibrium state (Table 6).

At the same tine, AMP inhibited the initial stages of
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gluconeogenesis from lactate to triose-P, as indicated by the fact that 

lactate carbon was not incorporated into glucose or a-glycero-P« This 

inhibition was not due to decreased utilization of lactate because the 

data ID Table 7 show that more lactate was removed when AMP was added* 

The conclusion must be drawn that AMP above a critical concentration 

caused pyruvate to undergo oxidation rather than conversion into PEP. 

This effect could have been exerted either by stimulation of the rate 

of pyruvate oxidation or by the inhibition of an ensyate concerned with 

the synthesis of PKP.

Evidence in favour of the first possibility was: (a) the increase 

in the rate of oxygen uptake, and increased oxidation of lactate to 

carbon dioxide, caused by AMP (see below), presumably related to the 

formation of ADP by the action of adenylate kinase; (b) the fall in the 

steady-state concentration of pyruvate to about half that found in the 

absence of AMP (Table 6).

Evidence in favour of the second possibility was: (a) the fall 

in the concentration of PEP (and in that of PGA) caused by AMP (Table 2), 

which could have been due to diminished activity of PKPCK or to enhanced 

action of PK; (b) the rise in the concentration of malate to nearly 

double that found when AMP was not added, in conjunction with the 

increased rate of formation of other intermediates of the tricarboxylic 

acid cycle and related amino acida (Table 7). This suggests that 

pyruvate carboxylaae was not affected by AMP or the products of its 

•Metabolism. (See Section E). However, inhibition of PEPCK could have
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accounted for the effects of AMP. This point was further investigated 

(Chap. 4) since Holten & Nordlie (1965) observed an inhibition of 

guinea-pig liver mitochondria! PL'PCK by AMP.

Effects of AMP on gas exchanges! When only glucose was added 

to the homogenates, a 50jt increase in respiration was brought about by 

AMP addition (Table 8). Optimum conditions for this effect included the 

presence of 20 raM-Pi and 5 fflM-bicarbonate or more in the medium; the 

effect was slight when the concentration of Pi was 1 oM, and without 

bicarbonate there was no stimulation by AMP. This requirement for HCC_ 

was presumably an expression of the need under these conditions to synthe­ 

size oxaloacetate from pyruvate, in order to increase the rate of oxidations 

in the tricarbojcylic acid cycle, The increase in the 0_ uptake caused 

by AMP in the presence of lactate was only 20 — 30jt. Varying the 

concentration of added AMP from 1.25 »M to 5 raM made little difference. 

At 2.5 aM the rise in 0^ uptake was progressive with time (Table 9), 

indicating that the process was related to formation of ADP from AMP 

by the action of adenylate kinase. At 5 iaM initial stimulation was 

followed by inhibition when the concentration of Pi was 5 mMt and in the 

latter case extensive losses of adenine nucleotides occurred during the 

incubation. The inhibition was probably due to an effect of ammonia 

set free from AMP (see ttecknagel & Potter, 1951I Berry, 1964), When 

NAD* was 0.125 mM» addition of AMP did not change the respiratory 

quotient, despite the large increases in consumption of both 00 and 

carbohydrate. When NAD was added at 0.5 mM, the increase in 0 uptake
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due to AMP was smaller, but the respiratory quotient rose from 0*85 to 0.95 

(Table 8), signifying that carbohydrate was being oxidised in preferenc« 

to endogenous fatty acids. This correlated with the absence of a block at 

glyceraldeny<ie 3-phoaphate dehyiirogenase ^Table /*).

In hoaogenates containing very snail initial quantities of carbo­ 

hydrate and to which no glucose was added the increase in oxygen uptake 

brought about by AMP waa only 23? (Table 8, ixpt. 5)* Virtually all the 

preformed glucose and glycogen disappeared on incubation whether AMP was 

added or not.

KgilCTS OF ,U?I)::o -i t? OH UW» HOMOQJSHATES KiPM FED Pl(

Effects of AMP on the formation and degradation of carbohydrate? la 

horaoge nates of livers from well— fed pigeons, AMP caused an increase in the 

rate of disappearance of total carbohydrate, mainly glucose (Table 10). 

When lactate waa added, some gluconeogenesis occurred, but the rate was low. 

When AMP and lactate were added together no net synthesis of carbohydrate 

occurred but much carbohydrate disappeared. The absolute effect of AMP 

when corrected for the control without AMP was about the same without 

lactate (cups 2 and 3» 10.3 fiMoles) and with lactate (cups 5 and 6« 11.1

Effects of AHP on the concentration of intermediates: The effecta 

of AMP on the concentrations of intermediates were similar to those 

found in hornoge nates froa starved pigeons (Table 11 }. "hem HAD4" waa 

added at 0.5 art, FDP and triose-P did not accumulate. lodoacetate at 

0.23 BW (in the absence of lactate) and NAD4 added at 0.5 n*t (Table 12)



Tabl.> 10. KffcrtH of added A Ml' on carbohydrate metabolism in pigeon-liver hamogenate
(well-fed bird)

Conditions were as described in Table 2. The tissue dry wt. was 80mg./cup.

Cup no. ... ... ... ... Initial 1
Additions:

Lactate (m.M) ...
AMP(rtiM) ...

Time of incubation (min.) ... 0 15

Metabolites found (/xmoles/cup) :
Glucose 12-2 20-8
Glucose + glycogen 71-2 71-5
Glycogen 59-0 50-7

Changes between 15 and 45 min.
(/xmoles/cup) :
Glucose
Glucose + glycogen
Glycogen

2

45

15-9
703
54-4

-4-9
-1-2
+ 37

3

2-5
45

9-4
60-0
50-6

-114
-11-5
-0-1

4

40

15

196
70-5
50-9

5

40

45

18-H
74-8
560

-0-8
+ 43
+ 51

6

40
25

45

150
63-7
48-7

-4-6
-6-8
_ 0.2

Table 11. Effects of A MP on the concentration of intermediates of carbohydrate metabolism in
pigeon-liver homogenate (well-fed bird)

The values refer to the experiment described in Table 10, where conditions of incubation arc given.
Cup no. ... ... ... ... Initial 123456
Additions ... ... ... None None AMP Lactate Lartato AMP +

lactate 
Time of incubation (min.) ... 0 15 45 45 15 45 45
Intermediates found (/^moles/cup)

Glucose 6-phosphate 0-78 0-79 0-75 0-52 1-08 120 086
Fructose 6-phosphate 0-26 0-25 0-24 0-18 0-35 0 39 030
Fructose diphosphate 0-13 0-25 0-55 5-11 0-12 0-11 o 14
Triose phosphates 0-26 0-65 1-62 8-58 0-21 0-17 0-2H
a-Glycerophosphate 1-66 0-51 0-27 0-58 5-12 7-86 14-5
3-Phosphoglycerate 0-32 0-30 0-30 0-14 0-45 0 4<> 021
2-PhoHphogly cerate 0-07 0-06 » 0-05 0-03 0-06 0-08 0-04
Phosphoenolpyruvate 0-14 0-13 0-14 0-06 0-28 026 0-15
Pyruvate 0-10 0-10 0-09 0-04 0-35 0-38 0-19
Lactatc 2-45 1-10 0-52 0-71 149-1 124-0 119-5

Change in lactate (^molen/cup) —1-35 —1-93 —1-74 —14.8 —39-9 —44-4
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prevented the removal of total carbohydrate during incubation (although 

breakdown of glycogen to glucose occurred), and the concentrations of 

intermediates did not increase significantly* When AMP was added,

however, a large amount of carbohydrate disappeared} this could be
»

accounted for quantitatively as FDP and triose-P• This confirm* the 

conclusions reached above that the priaary effects of AMP were on PIK 

and FHPase (effects 1 and 2).

EFFECTS OF 2t*-DINITRC)PHEHOLt Experiments with J)NP were carried 

eat to ascertain whether interference with the maintenance of ATP 

synthesis would simulate the effects of AMP addition in a specific way. 

The ATP concentration fell slightly at 0.05 mM-DNP, and by about 60J& at 

0*1 mK-DNP (Table 13)• There were corresponding rises in the concentrat­ 

ions of AMP and ADP. These changes of the adenine nucleotides were 

paralleled by a fall in carbohydrate synthesis. Though there was no 

accumulation of FDP or triose-P, the concentration of glucose 6-P was 

decreased and that of o-glycero-P increased. It is thus feasible that^me 4 

the effects of dinitrophenol on carbohydrate metabolism were due to the 

rise in the concentration of AMP.

EFFECTS OF ADDITION OF APP AW ATPt The addition of ADP or ATP 

caused changes similar to those obtained with AMP. This may be expected, 

owing to the ready interconversion of the adenine nucl••tides. No 

evidence was obtained to indicate that ATP has specific effects, except 

that, in homogenates of well-fed bird livers with high initial glycogen



Table 12. Kfftcl of iodoacetate and AMP on pigeon-liver homogenate (ii'ell-fed bird)

Kach cup contained 4 nil. of hom< gcnate. AMI* was added at lf>min. during the incubation of 45min. 
iodoacetate was present initially. The tissue dry wt. was 83mg./cup.

Cup. no.
Additions:

NAI) + (HIM)

Initial 1

05

2

0-5
Sodium iodoacetatc (HIM)...
AMP(mM) ...

Intermediates found (^m
Glucose + glycogen
Glucose
Glycogen
Fructose diphutsphatc
Triose phosphates
a-Glycerophosphate

loles/cup)
337

8-45
25-2
0-00
0-19
1 39

25-2
5-98

19 2
0-07
0-26
031

2-5

20-2
4 23

16-0
0-10
0-32
0-54

3

0-5
0-25

33 2
135
197
0-09
(••47
1-02

I

4

0-5
0-25
25

22-8
10-0
128
7-80

10 1
1 19

Table 13. Effects of 2,4-dinitropfienol on carbohydrate synthesis in piyeon-lirer honwgcnate
(starved bird)

Each cup contained 4nd. of homogenate incubated for 45min. The medium contained lactat<> (4OmM) but 
no added glucose; the concentration of P, was 20n»M. The tissue dry wt. was 74-1 mg./cup.

Cup.no. ......... 1 2 3 4
Dinitrophenol (m.M)... ... 0 0-02 0-05 0-1
O2 uptake (^moles/cup) ... -70-4 -72-3 -70-5 -6K-8
Metabolites found (^moles/cup)

Glucose 139 13-2 7-17 2 «8
Glucose 4-glycogen 18-1 15-7 10-1 5-18
Glucose 6-phosphate 0-88 0-80 0-59 0 28
Fructose 6-phosphate 0-22 0-22 0-14 0-05
Fructose 1,6-diphosphate 0-03 0-03 0-03 0-05
Triose phosphates 0-12 0-14 0-12 023
a-Glvc<-rophosphate 2-?8 4-02 3-<i3 4-42
Pyruvate 0-77 0-30 O 29 0-2.">
ATP 0-97 0-9O 0-H4 037
A DP 0-32 038 050 071
AMP 0-05 0-10 0-15 0-40
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content, high concentrations (5 mM) of ATP caused rapid glycogenolysis 

with increases in free glucose and glucose 6~P; this was possibly dun 

to activation of glycogen phosphorylaae by 3 f f 5'-(cyclic)-AMP formed 

froti ATP.

SECTION P

•

BiOCTOSE PIFHOSPHATASE IN PIGEOK LITOU Underwood & Newsholsw 

(1965,a) have reported detailed studies on the FDPaae of rat liver. 

Their data will be used in the interpretation of the results obtained 

in the present work (see DISCUSSION). A limited study was undertaken 

to check whether the pigeon-liver enzyme was indeed similar.

When assayed in the presence of 10 inM 2-mercaptoethanol and 

5 »M Mg at pH 7.4* the activity of PDPase was 30 - %0 ^Moles/min./g.

dry wt. at 25 , and did not vary during a cycle of fasting (46 hr.) and
2+ refceding. In the absence of the thiol agent and at 1 ioM Mg (i.e.

conditions resembling the standard pigeon-liver horaogenates) the activity 

was 5-7 fiMoles/rain./g. dry wt. at 25°; addition of 0.25 «M ElffA 

doubled this rate.

0.5 oM AMP inhibited the enxysM (in the full assay system with 

thiol agent and 5 »H Mg2*) by 98J*. At 1 mM Mg2* f the inhibition by 0.1 mH 

AMP wm» 85Jt. The optimal F?>P concentration was 50 - 75 «M; at higher 

concentrations there was increasing inhibition although the degree of 

inhibition never exceeded 70$. The apparent K for F1)P was in the region
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2 - 5 a 10"?M (Uneweaver-Burk plot at low IW concentrations). 90^ of 

the activity was found in the supernatant fraction of a sucrose hoaogenate 

centrifuged at 30,000g for 20 min.

These results clearly indicated marked resemblance of pigeoa 

liver FDPase to the enzyme from rat liver,

SECTION £

ME AND UTILIZATION OF f^^l-L-LACTATE IN PIGKOS-LIVER 

aOMQgEMAT& . IN TH1'. niEHKNCfc AN^. Afr-^CE OF AMP; Krebs (1964,b) out­ 

lined soae of the problems involved in the interpretation of isotope 

incorporation data in couplex systems. The utilization of [3- cj-lactate 

vas studied in pigeon-liver honogenatcs specifically to answer a limited 

number of questions that seemed amenable to this approach:

i) Were the large amounts of malate that arose in the hoaogtnates 

during lactate utilization synthesized directly fron pyruvate by 

carboxylation, or were they formed by forward operation of the tricarb- 

oxylie acid cycle?

ii)what were the effects of AMP addition on the incorporation of 

C froa lactate into carbohydrate and a-glycero-Pf

iii) Were there differences in the incorporation patterns between 

liver hoaiogenates from fed and starved pigeons?

The results of experiments in which [3- c]-lactate vas added to 

pigeon-liver hotnogenates are recorded in Table Ik. The results of both



Table 14. Pate and utilization of [j-^cJ-L-lactate in pigeon-liver 
homogenates (starved and fed birds)*

Standard hoawgenates were prepared, using a liver from a starred bird 
(Expt. A) and one from a fed bird U-xpt. B). They were incubated for 60 min. 
as described in METHODS. L-lactate (150 ^Moles, specific activity 6000 - 
8100 counts/rain. /(oMole) was added to each cup. Added NAD was 0.23 «H» and 
Pi was 20 raM. The measurement of intermediates and their radioactivity was 
as described in MLTHODS. Tissue dry wt. was 80 mg. in Expt. A and 77 «g» 
in Expt. B.

Expt. No* 
Cup No*
Added AMP (^Moles/cup) 
Compounds found: 
Lactate ^Moles/cup

Counta/rain./cup(xlO
Counts/min./VAtom C

Malate ^Moles/cup 2 
Counts/rain. /cup (xlO ) 
Cotmts/min .

a-Oxo- ^Moles/cup 2 
gltitar- Count 8/min./cup(xlO ) 
ate Couiits/min./VAtomC

Gluta- ^Moles/cup 2 
mate Counts/rain./cup(xlO ) 

Counta/min./^Atom C

cx-Gly- „
cero-P Coiint8/mi»i./cup(xlO

Counts/oin./^Atoa C

Glucose ^Moles/cup
Count8/min./cup(xlO 
Count s/fflin,/jx&toBi C

Olyco- ^Moles/cup 2 
gen CountB/min./cup(xlO ) 

Count B

Initial

150
12170
2700

0.62
«*»
-

o.u
-
«•

0.97
<•»
-

0.53
«•
—

4.26
-.
-

2.46
-
«

A
1

92.6
7500
2700

6.75
720
2670

3.26
510

3130

2.11
267

2530

3.64
301

2760

12.7
1275
1672

4.20
196
775

2
10

77.5
6280
2700

12.2
1250
2565

2.94
447

3040

2.66
318

2390

11.75
520

1475

5.52
646
1952

1.15
40

442

B
Initial 1

153 102
12170 8160
2660 2660

0.88 10.45
- 1040
~ 2490

0.11 4.55
665

* 2880

0.68 1.85
257

- 2360

1.36 11.05
510

- 1540

7-65 8.02
270
562

66.5 60.4
311
86

Counts/min./cup(xlO 708 1314 612
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experiments showed that accumulation of i&alute fro* lactalc occurred 

almost exclusively by carboxylation of pyruvate, and not by a combination 

of carboxylation and decarboxylation followed by forward operation of the 

tricarboxylic acid cycle. This conclusion is bused on the specific 

activity of malate (counts/min./^Atoia C), which was either lets than, 

or equal to, the specific activity of the lactate added. In the event 

of a sequence of reactions in which lactate was the precursor of both 

oxaloacetate and acetyl CoA, which then condensed to form citrate and 

were oxidised as such, the ualate formed would have had a specific 

activity one and a half times that of lactute. This is a maxinma value 

and would be less if endogenous precursors of acetyl CoA were present. 

However, the data for glutamate and cc-oxo-glutarate show that utilisation 

of endogenous substrates (e.g. fatty acids) was low in the presence of 

added lactate; the specific activities of these compounds were those 

«xpect*4 if they were formed by forward operation of the tricarboxylic 

acicl cycle .following synthesis of citrate, looat molecules of which 

contained 2 labelled atoms. Since there was little incorporation of 

such extra counts into malate f the stages of the cycle between a-oxo— 

glutarate and malate were not active under these conditions, independent 

of the nutritional state of the birds.

AMP addition inhibited incorporation of [3- CJ-lactate into 

carbohydrate (by 50jC)j incorporation into ct-glycero-P was increased, in 

contrast with the results recorded in Table 5, but the bulk of the net 

increase in this compound on AMP addition waa due to carbohydrate
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degradation, as in the other experiment. The difference between the two 

experiments nay hare resided in the fact that no time course was followed 

in the present instance; changes in AMP concentration subsequent to its 

addition raay have been accompanied by secondary changes in the metabolic 

pattern* AMP increased the oxidation of [3- CJ-lactate to C0(>t as well(>

as the car boxy 1 at ion of pyruvate to raalate; there was some dilution of 

label in the products of pyruvate metabolism, presumably due to formation 

of unlabelled pyruvate from carbohydrate (see Section C).

Comparing the results of [3- c]-lactate incorporation in the

two nutritional states , differences are apparent in the diminished entry
Ik of C into carbohydrate in the homogenates from fed birds 9 as well as

the smaller contribution made by lactate to the x-glycero-P formed in 

the absence of AMP.

SECTION F

EFFECTS OF LACTATE CONdgTRATIOK OW INTERMEDIATES OF (&RBOHYPRATE 

METABOLISM IN PIGEm-LIVER nOMOafNATESt Krebs etol., (1964) found 

that high concentrations of lactate were required for optimal rates of 

gluconeogenesis in pigeon-liver hoswgenates, and attributed this to the 

rapid removal of lactate (of which 25% was converted into carbohydrate) 

and to kinetic properties of lactate dehydrogenase, such as low affinity 

for lactate (Nisselbaum & Bodansky, 1963) and inhibition by pyruvate 

(Zewv ft Froan, 1962). A, study was undertaken of the changes occurring
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In the rate of carbohydrate synthesis and lactate removal, and in the 

concentrations of intermediates of gluconeogenesis, at various laetate 

concentrations during short-term incubations* These experiments were 

designed to answer the question of how laetate addition, besides making 

available precursor molecules, favoured high rates of glucose formation. 

Key regulatory steps wight thus be identified*

Standard pigeon-liver homogenates were incubated with added 

laetate in the range 2-40 wM, for 15 min*| soiae of the cups were 

incubated for 5® *»in. (Table 15)• Pyruvate concentrations rose as 

laetate vas increased, although the pyruvate/lactate ratio progressively 

declined. The level of oxaloaoetate vas so lov as to be immeasurable, 

but the malate concentration rose roughly in parallel with pyruvatef 

Citrate followed a similar course. The amounts of PEP, 2- and 3-PGA 

fell as the laetate concentration vas raised, excepting that they 

increased sharply at very low levels of added laetate. Triose-P increased 

slightly above laetate concentrations of 0.25 mMf a» did FDP. Hexose 

6-P vas increased at lov levels of laetate but there was no further 

change when raore than k mM substrate vas present* The amounts of total 

carbohydrates vere similar in all the cups except that the increase due 

to laetate vas smaller at concentrations of the latter less than 4 aM. 

The other principal product of laetate metabolism via the gluconeogenic 

pathway, o-glycero-P, increased in parallel with laetate up to the 

highest concentrations employed (40 mM). The cups incubated for longer 

periods confirmed that the rates of carbohydrate synthesis vere constant



Table 15. Effects of lactate concentration on intermediates of carbohydrate 
metabolism in pigeon-liver homogenate (starved bird).

Standard hooogenates were prepared as described in METHODS, Pi was 
20 mM and added NAD vas 0.25 nH. Each cup contained 2.5 nM added glucoae. 
Incubations were terminated by rapid freesing and acidification. The dry 
vt. was 57 rng/cup. Zero-time samples contained the following (^Moles/cup)t 
lactate, 1.22; glucose +glycogen, 3.60; free glucose, 2.01.

»• 123456789 
Added lactate (aM) 40 160 0 2 3.5 6.5 10 20 40 
Time of incubation (min.)30 30 15 15 15 15 15 15 15
Metabolites found 
(all ^Moles/cup) *

Lactate 4.33 108 0.10 0.38 1.09 6.23 15.9 54.5 136.2
Pyruvate 0.17 0.34 0.04 0.06 0.09 0.21 0.25 0.31 0.36
Oxaloacetate ^0.01 ^0.01 <0.01 <0.0l CO.01 <0.01 <0.01 «).01 <0.01
Citrate 1.51 2.24 0.14 0.28 0.71 0.95 1.50 2.01 2.24
Malate 2.46 4.84 0.12 0.56 1.26 2.32 2.73 2.84 2.99
PEP 0.87 0.10 0.0i> 0.37 0.54 0.52 0.36 0.18 0.11
2-POA 0.20 0.03 0.04 0.10 0.15 0.12 0.09 0.04 0.02
3-PGA 1.57 0.19 0.13 0.79 1.00 0.89 0.63 0.26 0.16
Triosephosphates 0.11 0.16 0.08 0.10 0.10 0.11 0.13 0.13 0.11
o-Glycero-P 0.56 7.98 0.09 0.18 0.38 0.91 1.99 4.46 6.86
TOP 0.04 0.05 0.02 0.02 0.02 0.02 0.03 0.02 0.02
Fructose 6-P 0.21 0.31 0.12 0.16 0.24 0.29 0.32 0.32 0.31
Glncos* 6-P 0.60 0.89 0.38 0.47 0.70 0.85 0.89 0.93 0.90
Glucose 1:1.2 20.2 12.3 13.0 14.1 15.5 15.8 15.8 15.8
Glucose + glycogen 23.2 23.0 14.1 14.7 16.6 17.4 17.4 17.6 17.6
ATP 1.21 1.13 0.95 0.97 1.09 1.19 1.13 1.11 1.10
AMP 0.07 0.07 0.15 0.13 0.12 0.08 0.08 0.09 0.08

Changes (jJtolea/cup) t
Lactate -36.9 -52.4 -1.1 -8.8 -U.I -21.0 -25.3 -26.7 -25.0
Glucose + glycogen +9.6 4-9.4 +0.5 +1.1 +3*0 +3.8 +3*8 +4.0 +4.0
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above 3 - k mM lactate, while the amount of lactate removed varied 

with substrate concentration only below 10 mM added lactate. The changes 

in adenine nucleotides were in agreement with the data of Table 1, 

shaving that lactate oxidation increased ATP and decreased AMP levels.

These changes may be interpreted as followss Without added 

lactate, the mitochondria, which were suspended in a "cytoplasm" diluted 

13 times during homogenization, were short of oxidixable substrates 

other than the products of aerobic glycolysis and endogenous non-carbo­ 

hydrates (state 2 of Chance & Williams, 1955)* At low lactate concentra­ 

tions «4 mM), pyruvate was formed in sufficient quantity to stimulate 

both oxidative and decarboxylative pathways, since the 02 uptake was 

increased (see Section B), and the citrate and nalate concentrations 

rose. At the same time PEP formation was enhanced (possible mechanisms 

for this will be discussed in Chap. 4), while hexose 6-P was increased, 

indicating that FDPase activity was stimulated, either directly or in 

conjunction with inhibition of PP1C. All these changes led to glucose 

synthesis.

At higher lactate concentrations, the rate of glucose formation 

did not increase, and there was no further change in the concentrations 

of hexose 6-P or PDF. The increase in a-glyeero-P which waa still 

occurring, despite the progressive fall in PEP and PGA, suggests that 

flow of lactate carbon from dicarboxylic acid to triose4g vas still 

increasing. The low pyruvate/Jactate ratio was presumably responsible 

for these metabolite changes, due to the effects of the raised HADH/NAD*
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ratio on the triose-P dehydrogenase equilibrium, as well as on the 

reaction catalysed by ot-glycero-P dehydrogenase. The FDPase - PFK step 

may have been rate-limiting for carbohydrate synthesis at lactate 

concentrations above 4 mM, but an alternative explanation cannot be 

excluded, vise, that reduction of triose-P to o-glycero-B limited the 

supply of PDP available for hydrolysis by FDPase. The effect of lactate 

in stimulating the conversion of FDP into hexose 6-P may have been due 

to 2 factors; The rise in citrate and ATP, and the fall in AMP.

It is difficult on the basis of these results to assign regulatory 

importance to the reducing »tep of gluconeogeuesis, despite the "cross­ 

over point" there obtained (Fig. 6, No. 1 - see Chance « Williams, 1956). 

This is in view of the need for caution in interpreting changes in 

intermediates according to this theory, when complex metabolic pathways 

are considered* These may contain steps or sequences of steps maintained 

by highly-active eaayses near to their equilibrium positions, a fact 

especially significant when such reactions involve multiple substrates 

including coenzymes. In general terms, reactions at near-equilibrium 

(readily-reversible) are unlikely to be rate-limiting steps unless 

marked dis-equilibrium is established. Thus, when extra-mitochondria! 

NAPH is low, as during metabolism of high concentrations of pyruvate 

in pigeon—liver homogenates or slices, the reduction of 1,3-diPGA may 

in fact limit the rate of ^lusoneogenesis (Krebs A Hems, 1964) (see also 

Section J). No other control points in the pathway can be identified 

by these data, since the oxaloacetate concentrations were too lov to be
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determined. The reversed "cross-over point" at PE3PCK (Fig. 6, No. 2) 

appears in this case to have been associated vith increased activity of 

the enzyme.

Experiments oa similar lines vith liver hoaogeoates from fed 

birds gave essentially the sane results; no differences in control 

points vere evident.

SECTION G

GLUCONfEOGmESIS FROM P-fRUCTOSK IN ri(JEO?M.IVEn HOMOGfmTESt 

D-Fructose was a good precursor of glucose in the homogenates both in 

the absence, and in the presence of added glucose (Table 16). Since 

phosphorylation of fructose at the 6'~position by hexokinase would be 

strongly inhibited in the presence of 5 mM glucose (Walker, 19&3) 

it was assumed that the synthetic pathway under such conditions included 

the FDPase reaction!

Fructose —^—>—^ trioae-P —^ PDF > > > glucose

(see Hers, 1957I Muntz & Vanko, 1962f Rausebenbach & Lanprecht, 196%). 

Glucose formation from laetate + fructose was less than the sum of that 

from either substrate alone, while AMP completely inhibited gluconeo- 

genesis from fructose, indicating that FDPase was probably involved, 

lodoacetate (0.23 mM) inhibited glucose formation from fructose by less 

than 50# but at the same time, the production of laetate (which occurred 

more rapidly from added fructose than from glucose - see cups 1 and 3)



Table 16. Synthesis of glucose from :>-fructose in pigeon-liver hQBOfenate 
(starved bird).

4 ml. of pigeon—liver horaogenate, prepared as described in METHODS 
were incubated in each cup for 45 min. at 40 . Pi van 20 oM and added MAD 
vas 0.25 oH. The tissue dry wt. was 82 rag./cup.

No. Initial 1

Additions («M)i

Glucose 5
Lactate
Fructose
AMP
lodoacetate 0.25

Compounds found (uMoloa/cup)J

Glucoae + giycogen 3.9 18.6 29.8 34.1 38.0 21.0 29*5
Glucose 2.82 16.4 2?«2 31.4 35.4 19.9 28.6
Lactate 1.22 0.64 68.1 6.85 75.2 3.9 0.51
ce-Glycero-P 0.41 0.52 2.50 0.68 2.68 1.22 1.98 j

Metabolic changes (^Moles/cup)I

Glucose + glycogeit - -5.3 *5.9 *10.2 +14.1 -2.9 +5.6

5
25

5

15

5
25
15

5

15
2.5

5

15
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was almost completely stopped* These observations suggest that the 

pathway of gluconeogenesis from fructose did not involve triose-P 

dehydrogenase, but that other effects of the inhibitor were responsible 

for the fall in glucose synthesis.

An implication of these results is that the rate-limiting step 

of carbohydrate synthesis from 1 act-ate was at a stage earlier than PDPase, 

since fructose addition increased this synthesis from lactate by a near- 

additive amount* On the other hand, it is conceivable that PDPase may 

have limited glucose formation from fructose, and that lactate addition 

may have brought about changes in th<* control ol the PDF-fructose 6-P 

inter—conversion to increase the rate of glucose formation from fructose* 

Since part of such a meahanism could be an increase in the concentration 

of citrate (see Section P) t the effect of citrate addition on the 

conversion of [U- c]-fructo&e to glucose was tested (Table 17)• In

this experiment, 11 mM Hg was added to all the cups to ensure that
2+ free Mg was still present despite the addition of 10 ruM citrate to some

of the cups* The incorporation of C into glucose was enhanced some k 

times in the presence of citrate, and net synthesis of glucose was 

greater than the sum of that in the presence of either substrate alone. 

Effects similar to those of Table 16 were observed with lactate addition 

in cups 4 and 5; here the incorporation of C from fructose into glucose

was increased by 15% when lactate was present* The concentrations of 

AMP were lower in the presence of citrate and lactate, while the 

concentrations of hexose 6-P were increased, and those of POP and triose— P



Table 17. Lffects of citrate and lactate on the incorporation of C from 
- cJ-D-fructose into glucose in pigeon-liver horaogenate,

0 'i ml. of hoinogenate were prepared and incubated for ***) rain, at 40 as
described Jg MiTHODB. Each cup contained 11 aM Mg , 20 «M Pi and 0.25 aM 
NAD . [U- C ]~D- fructose was added to some of the cup* at a specific 
activity of 12,250 counts/rain. AiMole. Tiasue dry wt. was 85 ag./cup. The 
procc?dures for chroaatography and ateaaurecaent of radioactivity were as 
described in METHODS.

No. Initial 12345 

Additions («M)j

Glucose 2.5 2.5 2.5 2.5 2.5
[U_14c]-fructose 3.75 3.75 3.75
Citrate 10 10
Lactate 40 40

Compounds found (^Moles/cup)S

Glucose + glyeogen 4.70 22,2 19.4 31.6 27.3 31.0
Hexose 6-P 0.11 0.98 1.35 1.36 1.22 1.24
FDP + triose-P 0.25 0.17 0.10 0.10 0.08 0.13
a-Glycero-P 0.58 0.25 0.23 0.40 4.85 5*86
AMP 0.04 0.14 0.09 0.08 0.06 0.07

Metabolic changes (^Molea/cup) s

Glucose -f glycogen - +7.3 +4.7 +16,9 +12.6 +16.3

Radioactivity (counta/m|n./
cup x 10 )i

Glucose + glycogen - 391 - 1591 - 676
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alightly decreaaed.

Bath citrate and lactate addition thus stimulated glucoae 

formation from fructose, and the changes in intermediates suggest that 

facilitation of FDP conversion into fructose 6-P vaa the factor responsible. 

This nay have been due to the effects of citrate on FFKf and of AMP on 

FDPase (see DISCUSSION).

SECTION H

EFFECTS OF CITRATE ON GLUCOSE SYMTHESIS FROM LACTATlit Citrate 

vaa m poor precursor of carbohydrate in pigeon-liver homogenates (Table 18}•
Oi

In this experiment, 6 mM Mg was addad to compensate for che1ation by 

the substrate, and citrate vaa added twice from side-arms during the 

incubation (3.75 «M on each occasion) to ensure that a raised citrate 

concentration vaa continuously present* No glucoae vaa utilized in the 

presence of citrate, and carbohydrate formation from lactate was increaaed 

by 25$. Synthesis in the presence of both substrates was thus not more 

than additive of that with either substrate alone. There was an increase 

in the concentration of hexoae 6-P and it is likely that an affect on 

PFK vaa being exerted$ however, the addition of citrate failed to 

stimulate some other rate-limiting step (see Seetiona F and G) and 

carbohydrate synthesis was accordingly not enhanced to a significant 

extent, Thia contracted with the affect of citrate on glucoaa synthesis 

from fructose (see Section G),



Table 18. Effect of recurrent citrate addition on carbohydrate synthesis 
from lactate in pigeon-liver hoaogenate (starved bird).

4 ml. of liver homogenate were prepared and incubated for 45 *nin. HS 
described in METHODS. 15 fiMoles of citrate were present initially where 
indicated; at 15 and 30 tain, similar amounts were added from aide-arms. 
Tissue dry wt. was 75 rag./cup.

No.

Additions (raM)j

Lactate 
Citrate 

Glucose

Compounds found (}Jioles/cup) I

Glucose + glycogen
Glucose

Hexose 6-P
oc-Glycero-?

Lactate

Metabolic changes (^Moles/cup)t

Glucose 4- glycogen 
Lactate

Initial 1

7.77
5.57
0.17
0.99
2.77

.
«.

2.5

11.2
8.30
0.44
0.21
0.58

-6.6
-2.19

3.75
2.5

17.6
14.6
0.86
0.01
3.02

-0,2
40.25

140

2.5

25.0
21.2
0.95
4.58

69.8

+7«2
-73

140
3.75
2.5

28.6
24*6
1.21
2.18

88.0

+10.8
-53
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SECTION I

EFFECT OF GLUCOSE CnNC&TOATIOl* OW THE HATE OF CAKBOHTOATIB 

SYNTH33IS mm lACTATCi The rate of net synthesis of carbohydrate from 

lactate was independent of the concentration of added glucose (fable 19) • 

The glucose 6-P concentration varied little over the range of 0.5 - 10 

added glucose. This suggests that glucose did aot exert control in this 

in vitro system on its own synthesis frosa lactate, and that the glucose 

6-P concentration was regulated by independent mechanisms.

SECTION J

METABOLISM OF L-MA1ATE IN riftKON-LIVHt flOHOGl-HATE* Krebs et 

showed that pigeon-liver homogenates were able to synthesize 

carbohydrate froa raalate or fuiaarate* In the present work the rate of 

synthesis froa nalate was always rather less than that froa lactate 

(Table 20, cups 3 and 4). NAB (0.5 wM) was required for maximal activity 

(cup 2). In the presence of MAO 9 carbohydrate formation froa aalate + 

lactate (cup 5) was about equal to the sum of that which occurred from 

either substrate alone* incubation with raulate, in the presence and 

absence of NAD4 f was associated with a large increase in PEP and 2- and 

3-P6A (when Pi was 20 nM) f as well as with increases in pyruvate, laetate 

and oxaloacetate. Very little o-glycero-P was formed. These findings 

suggested that shortage of NABH for the reduction of 1,3-diPGA limited



table lg. Effect of added glucose concentration on aynthewia of carbohydrate 

from lactate in pigeon-liver hooogenate.

4 ml 9 of hoaogenate were prepared and incubated at 40 for 45 sdn» ^ 
according to METHODS. All the cups contained 40 roM lactate, 0.125 ** 
and 5 »M Pi. Tissue dry wt. was 72 ng./eup.

Mo. 12345 

Added glucose (*H)t 0 1.1 2.2 4.4 8.8 

Metabolic changes (j-iMolea/cup) I

Glucose + glycogen +13.0 ^15, 6 +H.9 -»-14.8 
Lactate -105 -106 -115 -108 -109

Glucose 6- P concentration
i 0.62 0.64 0.?8 0.72 0.71



Table 20- Carbohydrate synthesis froa L-»alate in pigeon-liver hoaogenate 
(starred bird).

4 ml. of standard heaogenate were prepared and incubated as in METHODS. 
The time was 45 rain. There vere 66 «g. dry wt. of tissue/cup.

to. Initial 123456

Additions (mM)s 
Pi
Malate 
Lactate 
WIP 
NAD*

Compounds found (fJfoles/cup) t 
Glucose +glycogen 
Glucose 
Malate 
Oxaloacetate 
Lactate 
Pyruvate 
PEP
2-PQA
3-PGA 
a-Glyeero-P

Metabolic change* (^Moles/cup)s
Glucose + glycogen - +5.3 +1.35 +13.8 +5.6 +18.5 +0.4 
Malate - -73 -68 +4.3 -82 -64 -84 
P£P + 2- and 3-PGA - +3.3 +3S.9 +3.4 +37.1 +14.0 +6.8

5 
30

0.5

5.90
4.92
0*65
0.01
1.30
0.03
0.04
0,01
0.08
0.33

11.
10.
47.
1.
2.
0.
0.

0.
2.
0.

2
4
0
60
01
40
96
28
14
25

20

30

7.
6.

52.
1.
5.
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the rate of gluconeogeneaia froa amlate, despite the high rate of PEP 

formation. When lactate was alao added, the concentrationa of the 

phoaphorylated intermediates fell by 60% and oxaloacetate vaa decreased. 

At 5 «M Pi carbohydrate synthesis was equal to that at 20 oM Pi, but 

there was no significant accumulation of intermediates (cap l). In the 

presence of 0.75 x 10""Sl DNPf both carbohydrate synthesis and the 

accumulation of PEP and PGA were greatly diainished (cap 6), although 

amlate removal vaa unchanged*

Shrago & Lardy (1966) hare shown that PKP ia synthesized rapidly 

froai aalate in rat-liver "eytosol* (high speed supernatant)* In the 

present experiments it is* evident that in pigeon-liver homogenates this 

conversion, though very rapid* was not associated with the maintenance 

of high concentrations of NADff in the extra-mitochondrial compartment, 

aa was found for example on incubation with lactate. Evidence for this 

waa the abaence of ot-glyc«ro-P formation and the accumulation of 3-PGA. 

2-PGA «nd PEF. This May Inply that malate was oxidized primarily within 

the Mitochondria, or that some PEP synthesis proceeded over the steps 

Malate-^pynrvate—* oxaloacetate—>PCP, catalyaed by aalate enxyat* 

pyravate earboxylaae and PEPCK respectively. This aequenee of reactiona 

would supply NADFH but not HUM (see Seubert & Huth, 1905).

The role of Pi in these experiments is not clear. Although the 

concentration of Pi night be expected to play an important part in 

determining the equilibrium disposition of the reactants in the complex 

reaction catalysed by glyceraldehyde 3-phosphate dehydrogenaae, such that
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high Pi concentrationB would be associated with an increase in the ratio 

of 1,3-diPGA/glyceraldehyde 3~phosplmte (other reactants being unchanged), 

this may not be the whole explanation of the metabolite accumulations, 

since net carbohydrate synthesis waa the aame at both high and low Pi 

concentrations. Judging from the ratioa of pyruvate/lactate and trioae-P/ 

o^-glycero-P, there appears to have been no change in the extramitochondrial 

redox status with the change in Pi concentration| thus flux over the 

reducing atep of gluconeogeneaia in both situations waa limited by the 

aupply of NADEU The Pi concentration must INI assumed to be leas important 

in the regulation of the rate of this reaction. However, an effect of 

Pi on the formation or removal of PEP (see Chap. 4) may have been partly 

responsible for these findings. DNP likewise nay have affected the 

aupply of PEP for conversion into 1,3-tiiPGA (Chap. 4).

The fact that carbohydrate synthesis from taalate + 1actate waa 

additive ia difficult to explain in terms of rate-limiting steps in the 

formation of glucose from either substrate. The following factors may 

have been concerned in this complex case:

i) Inhibition of pyruvate carboxylase at high aalate concentrations 

(Freedaan & Kohn, 1964)f

ii) Chelation of essential metal ions by phoaphorylated compounds
2-f accumulating in the presence of ma late and 20 raM Pi f e.g. Mn or Mg

by PEP and 2-PGA (Wold & Bailou, 1937)* This ia likely to affect 

reactions requiring these ion* auch as FDPaae (Underwood & Nevaholme, 

1965,a) and PK (Mildvan & Cohn, 1966). The experiments nevertheless
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clearly emphasise the limiting role of pyruvate carboxylase in PEP 

synthesis from lactate in whole horaogenatea, and the requirement for I 

supply of extraHBitochondrial NADH in order to permit rapid reduction 

of 1,3-diPGA (see Section X).



DISCUSSION

The results obtained with pigeon-liver honogenates (especially the 

stimulation of glucose degradation and the inhibition of glucose synthesis 

by AMP, and the evidence indicating that points of action of AMP are. PIK 

and FDPase) support the concept that the reactions catalysed by PFK and 

PDPase are among these which limit the rate of glyeolyais and glueoneo- 

genesis respectively, and that the concentrations of intraeellular modifiers, 

in particular AMP and ATP, regulate the activity of these enzymes. The fact 

that AMP at lov concentrations (0.2 raM) is a powerful inhibitor of FDPase, 

as well as a powerful activator of PPK, suggests that AMP is in the present 

system one of the moat important single modifiers among the various cell 

constituents which can influence the activities of the two eazynes, though 

ADP has similar efleets on PFK t the quantitative significance of which can­ 

not yet be assessed* The concentration of AMP is a particularly apt 

'signal 4 for regulating glycolysis and gluconeogene»is, as an energy-coaaunaing 

process, because it is directly linked to the energy status of the cytoplas— 

•tic space i.e, to the concentration of ATP, The concentrations of AMP and 

ATP are governed by the equilibrium constant K « [AMPJ[ATP] / [ADpJ^ ®? 

the adettylate-kinase reaction. As the activity of this enzyme is 

sufficiently high to maintain the concentrations of the three reactants 

near equilibrium, a fall in the concentration of ATP will cause a rise in 

the concentration of AMP, and this, by activating PFKf will tend to 

increase the rate of ATP synthesis. On the other hand, if the adenine
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nucleotides of the cell are present predominantly as ATP, the AMP 

concentration will be low, PfK blocked and the pathway of glficoneogenesis 

open.

The kinetics of the AMP effect on PKK are very intricate because

they depend not only on the concentration of AMP but also on those of
2+ Mg and of ATP (see Table 21) and, as the concentrations of cell

constituents may differ from compartment to compartment within tissue 

homogenates, it is not possible to predict the degree of inhibition of 

activation from information on the overall concentration of AMP alone.

The kinetics of the AMP inhibition of FDPase appear to be less involved,
2+though they depend on the concentration of Mg (Table 2l) as expected

2+ because of the formation of chelates between AMP and Mg . Rather lower

concentrations of AMP (below 0,1 mM) are needed for an almost complete 

inhibition of FDPase than for the activation of FFK (above 0.1 oM). These 

characteristics, according to available data, bear on the co-ordinated 

control of the two enzymes: at very low concentrations of AMP when FDPase 

is active PrTC is inactive, being inhibited by ATP; as the concentration 

of AMP rises FDPase becomes inactivated before PFK is activated. This 

avoids a wastage of energy through the occurrence of the futile cycle:

,Fructose 6-F 

Pi «=L / \ ^~ ATP

ADP 
s^

FDP

It is not yet clear whether a physiological significance can be



Table 2 '! Effects of various ' modifiert ' on fructone dipho»phata»f 
pftotphofructolnncue of liver

The value* illustrate that inhibition! depend on the pretence of various substances in th* m««.lmm. They arc 
•elected from data of Underwood ft Newsholme (1965a,fr), obtained with partially purified rut liver enzyme* 
The substrate for fructose diphosphatase was fructose diphosphate and that for phosphofrurtokmaae gluo<»r 
6- phosphate, phosphohexose isomerase being present. It is emphasized that the values in«lic»i«- only the onler 
of magnitude of the effects involved; there are complicating factor*, such as the effects of en*> me dilution. Unit 
make precise statements on inhibitions difficult.

Inhibition (%)

Concn. of Concn. Fructose Phospho-
substrate of Mg1 * <liphos- tructo-

Metabolite (mM) (mM) phatase kina.no
0-lmn-AMP 0-1 fi 95
0-05 nm- AMP 0-1 0*5 98

— 0-1 6 20
— 0-26 0-5 15

<M«mM-ATP 3-3 6 100
0-10mif-ATP.0-3mif.A3IP 33 5 is
I-2mM-ATT.0-6mM.AMP 33 5 !K)
0-OlmM-ATP 3-3 fi 0
0-01 ran- ATP. 0-5 mM-citrate 3-3 5 50
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attributed to the inhibition of FDPase by FDP. Underwood & Newsholme 

(I965,b) hare considered the* possibility that the P!)P concentration (by 

its positive feedback action on PFK and its inhibitory effect on PDPast) 

could act as an "amplifier" when small changes in the enzyme activities 

occur due to the primary agency of other modifiers. So far concentrations 

of FDP (estimated as the overall tissue content) inhibitory to FDPase 

have not yet been demonstrated in intact liver preparations or in vivo* 

nor have significant changes been observed under different nutritional 

conditions (see Soling et aJU, 1966; Underwood, 1965)* Lowry A Passonneau, 

(196%) have proposed that part of the intracellulfcr FDP is cotapartmented, 

to explain some of their results in brain preparations*

The overall concentration of ATF in homogenates vas v in «otne 

experiments, high enough, considering the concentration of the tie—inhibitors 

fructose 6-P, FDPf Pi and AMP, to cauae a virtually complete inhibition 

of PFK (Underwood & Ncwsholme, 19<>5,b). In fact FIK vas not inactivated. 

This indicates that certain quantitative characteristics of the enzywe 

change on purification and dilution, as suggested by the observations of 

Underwood & Newsholme (l965»b), or, more likely, that the concentration 

of ATP at the site of the enzyme was substantially below the average 

concentration in the homogenate* Two factors could be responsible for 

this. One is the uneven distribution of adenine nucleotides between the 

mitochondria and the cytoplasm or medium (see Chap. 4 - DISCUSSION). The
2-f 

second factor is chelation of ATP with Mg and Ca .

It follows froa these considerations that the movement of adenine
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nucleo tides into and out of the mitochondria and other organelles could 

b« a major factor in the regulation of metabolic processes. This ia also 

true for other solutes that can be actively accumulated by mitochondria 

and that can affect the activity of pace-maker enzymes. Active transport 

into the mitochondria has been shown, for example, for Ca (see Ernster

& Lee, 1964; Drahota et aj.. , 1965; Carafoli «t al*, 1965 J Chance, 1965) f
2+ Mg (Carafoli et aK, 1964), Pi (Greenavalt e& al . , 1964; Rossi & Lehninger,

1964; Vasington £ Groenawalt, 1964), citrate (Schneider £fc al. f 1936; 

Gasible, 1965) and ATP and ADP (Carafoli et aU, 1963). Though smch 

attention has been paid to the mechanism of the active transport of these 

solutes into the mitochondria, the physiological significance of these 

energy-consuming movements has not yet been analysed. It may veil be the 

regulation of tmzyme activities. Traffic in one direction of substances
2+ - that cannot be metabolized, like Ca or Mg 9 would make no biological

sense* Thus there must be «j*eehani&m* that bring about the release of these 

substances from the mitochondria into the cytoplasm. This laight be 

entirely passive as Chance (1965) suggests, inifeich case it occurs 

continuously according to the concentration gradient and is counteracted 

by active transport in the opposite direction*

It is well established that the concentration of ADP can regulate 

the rate of the aerobic degradation of substrates generally and this 

raises the question whether the stimulating effect of adeninc nucleotides 

is, at least in part, due to the formation of ADP and its role as phosphate 

acceptor. It is possible that this was a component in stimulating the
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conversion of glucose into pyruvate in the pigeon-liver booogonates, but 

the foilsi ing facts show that in thin system the main stimulating effects 

of the adenine nucleotides were those on PFKi (1) The stimulation of 

glucose degradation to pyruvate caused by AMP in the presence of adequate 

concentrations of MAD was accompanied by a rise in the concentrations of 

FDP and triose-Pf and by a fall in those of 3-PGA and hexose 6-P (Tables 3, 

4 and 11). (2) The increase in the rate of glucose reraoval when AMP was 

added was the sane when sufficient HAD was present to saturate the triose-P 

dehydrogeoase system and when the rate of this step was limited by lack 

of NAB or by iodoacetate. In the firat case, there were small increases 

in the concentrations of FDP and triose-P; in the second, the large 

accumulation of these intermediates accounted quantitatively for the 

carbohydrate removed (see Tables 3» k and 12)*

Wenncr et &\» 9 (1953) noted that the addition of phosphate
1 Jk 1 Itacceptor did not affect the rate of formation of C00 from [ c]glucose 

in rat-liver homogenates while NAD (2 mM) f as in the present experiments, 

was an obligatory requirement for optimum rates of oxidation. Tiedemann 

4 Born (1963)t who studied the effects of adenine nucleotides on the 

glycolysis of hotaogenates from ascites-tumour cells, found that phosphate 

acceptors did not limit the rates and that adenine nucleotides had effects 

similar to those found with pigeon-liver homogenates. The similarity, of 

course, is restricted to the control of glucose degradation, as gluconeo- 

genesis does not occur in ascitos cells.

Tho control of the inter-conversion of FDP and fructose 6-P
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illustrates an intrinsic mechanism of liver cells in which anabolic 

activity is directly related to the energy status ("steady-state control")* 

and indirectly therefore, to the supply of respiratory fuels. This 

nechanisa might be expected to come into operation when the cells are 

anoxic or during intoxications. For example, Frunder et ajU, (1961) 

demonstrated that egress of ATP from the mitochondria was impaired in 

CC1,-damaged livers• Chance e£ al. f (1965) showed that the AMP content 

of rat liver rose markedly during anoxia. This control by AMP constitutes 

a "safety factor". Whether the potent effects of adenine nuclcotides 

have a wider physiological significance ie not yet clear (see Chap, k - 

DISCUSSION). It is possible that post-ethanolic nypoglyeaeraia in fasting 

huaans (field rfc ajU t 1963) and the related stimulation of glucose uptake 

by ethanol in perfused livers from starved rats (Forsander .et aJU , 19&5) 

may be due to a rise in the cytoplusmic AMP concentration. Under these 

conditions, a rapid increase in the rate of acetate activation by the 

reaction

Acetate 4- ATP + CoA -—————^ Acetyl CoA * AMP * PPi

night be expected, since acetate is the principal end—product of hepatic 

ethanol metabolism (see Forwander & Oaiha, I960), In pigeon-liver 

hoaogenates ethanol (kO «M) or acetate (10 nM) addition did not depress 

gluconeogenesis from lactate to a significant degree (unpublished v^ork), 

although this may have been due to the low activity of diluted cytojlasnic 

enzymes. Underwood (1965) was unable to find differences in the tissue 

content of adenine nuclcotidee during various nutritional treatments of
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rats,such a* to suggest that a significant role might be played in the 

regulation of glycolysis and gluconeogenesis. At the present time, 

technical problems prevent the direct measurement of metabolite concentra­ 

tion* in the cytoplasm!c space.

It is an interesting reflection that the stimulatory effect of 

AMP on hepatic PFK is a "safety factor" for the individual cell rather 

than the whole animal, since it serves to decrease the amount of glucose 

liberated into the circulation by the action of glucose 6-Pase.

The effects of citrate addition on glucose synthesis from fructose 

(Section G) introduce a new dimension into the regulation of aetaboliaa 

at the level of the hexose phosphates, although the results are not as 

unambiguous as those obtained by Nevstiolme & Underwood (1966) in rat 

kidney-cortex slices, in that small changes in the adenine nucleotide 

concentrations accompanied the addition of citrate to pigeon—liver 

homogenates 9 they do suggest that stimulation of the net conversion of 

FDF into fructose 6-4* can result from inhibition solely of FKK, since no 

effects of citrate on FDPase have yet been demonstrated (Underwood & 

Nevsholme, 1965 fa). This implies that in the standard homogcnates 

metabolizing added glucose and fructose in the absence of citrate, a 

considerable amount of "cycling** occurred, catalysed by P£K and FDPase. 

The stimulation of net glucose synthesis by citrate was presumably due 

to inhibition of the "cycle11 } it also follows from the substantial effect 

of citrate that the amount of "cycling" in the absence of citrate va» 

extensive, i.e. about half of the molecules of FDF formed were
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rephosphorylated by r*K.

la the experiment (Section C) described in Table 5, a certain
14 / a*eunt of C was lost continuously from the total glucose pool (including

glycogen) during the incubation with high concentrations of lactate, 

despite the net synthesis of carbohydrate which occurred. This indicates 

that a limited Hmount of "cycling* took place under these conditions 9 

since leas than a fifth of the original radioactivity was lost during 

90 rain, of incubation. In the presence of high concentrations of AMP, 

"cycling* was abolished, but restored when the AMI* concentration fell to 

levels compatible with the initiation of gluconeogenesi*} as the rate of 

glucose synthesis increased, the extent of "cycling" diminished. Although 

an effect of lactate (or the fall in AMP) is theoretically not excluded 

as the explanation of these events, it is maet likely that one of the 

factors inhibiting the "cycle" was the raised concentration of citrate.

In biological terms, such a cjrcle is wasteful of energy, although 

there are a number of veil-established examples of similar ATP-conauraing 

"cycles", e.g. the hydrolysis of triglycerides and continual re-esterifi- 

cation in adipose tissue (Vaughan, 1961), especially in brown adipose 

tissue, where it may serve as a mechanism of heat production (Steiner & 

Cahill, 1963). Cahill et aJU t (1959) have discussed the possible 

operation of such a "cycle* catalysed by glucokinase activities and 

glucos* 6-i'uae, and have atreused the advantages of fine control of both 

rate and direction of metabolic pathways afforded by such an arrangewent. 

The possibility that rat-liver FDPase aay exist in two forms (see Chap, l)
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suggests that & further kind of control could be exerted by hormones to 

influence the operation of such "cycles". Another factor could be 

comparIndentation of multi-enzyme systems in the cytoplasm of the liver 

cells on the lines proposed for the glycolytic system of red cells by 

Green e_t oU f (1965)* The micro social location of glucase 6-Pase is a 

pointer in this direction*

Mendicino & Utter (1962) shoved that FDPase limited the rate of 

glucose 6—P formation in a reconstituted system consisting of pure enzymes 

and washed mitochondria. Ijtton & Park (1965) concluded from BMMurarements 

of hexose— and triose—phosphates that FDPase was not a limiting stage in 

gluconeogenesis (at high concentrations of 1actate)in perfused livers 

from starved rats, and that the formation of triose-P from pyrufcate was 

the rate—limiting process. This concept is supported by the previous 

findings of Krebs jet ai,, (1963) on the rates of formation of glucose 

from substrates (at high concentrations) entering the "common pathway" of 

gluconeogenesis above and below the stage of triose—P dehydrogenaee* in 

kidney cortex slices. More recently, Fxton & Park (1966) have demonstrated 

a possible effect of adrenaline on the conversion of PDF into fructose 6-P 

in perfused rat livers metabolizing lactate, based on changes in the 

relevant metabolites during increased flux ("cross-over point")} a similar 

effect of glueagon had earlier been shown by SchimasaeR & Mitzkat (1963), 

and has also been demonstrated to occur when lactate is added to the 

perfusion medium of rat livers (Hems, l?oss t Berry £ Krebs, in the press), 

Although such effects do not prove that FDPase is rate-limiting for the
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entire sequence of reactions from laetat* to glucose, they do imply that 

It may be involved in a co-ordinate system of controls. It is also 

reasonably clear that FDPase limits the rate of glucose formation from 

trioBe-P (see Section Gf also Nevaholme It Cnderwood, 1966)*

Another factor that indicates a regulatory role for FDPase in the 

liver is toe apparent or real change in the tissue enzyme activity which 

results from administration to rabbits of high protein or high fructose 

diets (lov in glucose) (Mokrasch £t aK, 1936), or frost alloxan diabetes 

and glucocorticoid treatment in rats (see Weber £t al..« 1965t» for review), 

These changes are co-ordinate with changes in other key glueoneogenie 

enzymes like glucose 6-Pase and PEPCK. Mokrasch et aJU, (1956) considered 

that the early increase in the enzyme activity, which now was less 

susceptible to proteolvtic activation, might not be due to de novo 

protein synthesis, but to changes analogous to those occurring during 

papain treatment. It is now established that the early glycogenic effect 

of glucocorticoid aiiministrati^a does not require the induction of enzymes 

such as FDPase or PEPCK, since it occurs long before the changes can be 

elicited (Segal 9t lopex, 19&3)» an^ *8 no* prevented when protein synthesis 

is totally inhibited by ethionine (Kvara & Parks, I960). The possibility 

that FHPase in various physiological situations, is present predominantly 

in different forms and at different concentrations, may indicate that it 

is rate-liraiting only at certain times, and that it may not always be 

subject to "allosteric" control to the same extent*

It was first observed many years ago that the rate of lactate
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formation in liver homogenates was greater when PDF was added than when 

glucose or glucose 6-P were the substrates (see Olaon, 1931)* Cahill et al. t 

(1939) suggested that PfX was rate-limiting for hepatic glycolysis 

because in their experiments great variations in the rate of glucoae 6-P 

formation from glucose oxt glycogen occurred without effects on the rate 

of glyeolysis* Studies in the metabolism of fructose, which is thought 

to enter the glycolytic pathway beyond the PJrtt step, showed that a-glycero-P 

and lactate fonaation proceeded more rapidly from fructose than froa 

glucose (see Section 6| Kornacker & Lowenstein, 1963)* Wu (1963) has 

demonstrated directly the rate-limiting function of PFK in kidney-cortex 

slices {"cross—over point*1 in anoxia) and a regulatory role for PFK la 

this tissue was confirmed by Newaholca* £ Underwood (1966) • Lea & Walker 

(1965) have concluded from studies on rat—liver cytftplasraic extracts that 

PFK and hexokinase are co-ordinately involved in the control of glycolysia*

The part played by citrate in the control of the FDP-fructose 6-P 

inter—conversion has important implications for the effects of fatty acid 

oxidation on carbohydrate metabolism in the liver and kidney* Although 

technical difficulties have frustrated numerous attempts to obtain 

reliable values for the liver citrate content under various conditions, 

recent (unpublished) work by Miss C. Start in this laboratory has shown 

that the content of citrate is significantly increased under conditions 

where fatty acid oxidation might be expected to be increased* (See also 

Tubbs & Garland, 1964). the mechanism of this increase may be similar to 

that proposed by Garland & Handle (1964) { this depends on an assumption
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of equilibrium conditions in the citrate synthase reaction, such that an 

increase in the acetyi Co.\/CoA ratio, with constant oxaloacetate concentra­ 

tion, would be associated with an increase in the level of citrate. 

Another possible factor is the inhibition of citrate oxidation in the 

tricarboxylic acid cycle during fatty acid oxidation (Wieland ejb ojk, 1961)« 

The effects of adenine nucleotides on iso-citrate dehydrogenase (llathaway 

& Atkinson, 1963) and citrate synthase (Hathaway & Atkinson, 1965) have been 

proposed to be the basis of a mechanism to control both the metabolic fate 

of acetyi CoA and the citrate concentration in E* coli, and possibly in 

mammalian systems.

(Note: The important role of citrate in lipogenesis (see Srere, 

196?) is paradoxical in this context, and underlines the need for caution 

in interpreting results.)

Struck et «1«, (1965) reported that oleate stimulated glucose 

synthesis from lactate in perfused rat livers; a similar effect of 

glucagon was ascribed to enhanced lipolyBis, giving rise to increased 

fatty acid oxidation. Haynee (l9$5»b) claimed that octanoate increased 

the rate of carbohydrate synthesis from alanine in rat-liver slices. A 

recertt report ( (.Vil liaison, 1966) appears to confina the stimulatory effect 

of oleate addition on gluconeogenesis in the perfused liver, and bring* 

evidence for a "cross-over point" at trioae-P dehydrogenase. The 

interpretation of the data to suggest that gluconeogenesis is limited in 

the intact liver by an unfavourable ratio of NADW to NAD , is not 

supported by a number of other studies, e.g. soling et al., (1966), who
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found no changes in the reduction state of the cytoplasmic NAD -HAH! 

system when livers were perfused with caproute, Hohorst et al. a (19^4) 

who also failed to show a change, and Hems, Hoss, Berry £ Kreba (in the 

press) who have not found such an effect in perfusions of rat livers with 

oleate. Most authors do, however, agree that the cytoplastaic HAD -NADH 

system is more reduced in alloxan-diabetic rat livers, and it is possible 

that in this case an effect might be exerted on triose-P dehydrogenise, 

(See Sections F and J), It is certainly feasible that the liver may 

behave similarly to kidney—cortex with respect to co-ordinate control of 

gluconeogeuesia at the levels of PEP synthesis froa pyruvate (see Chap, k 

DISCUSSION) and the conversion of FDP into fructose 6-P.



THE REGULATION OF PHOSPHOKKOLPYIIUVATK SYNTHESIS IN P1GKON LIVOl

Krebs (1954) systematically reviewed the thertaodynamic consider­ 

ations underlying the metabolic synthesis of carbohydrate from lactate 

and other precursors* He discussed the role of the specific hydrolytie 

enzymes of gluconeogenic tissues 9 glucose 6-Pase and FDPase, in the 

circumvention of energy barriers set up by unfavourable free energy 

changes in the reversal of the glycolytic pathway. The remaining energy 

barrier among the individual steps was considered to be the formation of 

PEP from pyruvate and ATP, The mechanism of this overall reaction has 

be«n the subject of considerable research because it appears to involve 

not one special enzyme but a sequence of reactions* These are catalysed 

by enzymes which are not all confined in their distribution to gluconeo­ 

genic tissues, and which in some cases do not even share a common 

intracellular localization*

The mechanism of PEP synthesis in pigeon liver has been investigated 

in the work reported in this chapter. First, so»e of the enzymes thought 

to be involved in PEP formation will be described (Sections A, B, C, D and 

E) followed by an examination of the regulation of their activity in situ 

in isolated mitochondria (Section P), The results will be correlated as 

far as possible with past and current work in this field.
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SECTION A

PYRWATi: CAflBOXYJASF, PI PIGKON LITOt Pyruvate carboxylase was 

characterized by Utter & Keech (1963) in chicken-liver mitochondria. It

catalyses the ATP-dependent carboxylation of pyruva.tc (reaction 11) in the
2+ 2+ presence of Mn or Mg , and has an obligatory requirement for heetyl CoA

or related compounds (for review and references to detailed publications , 

see Utter ct al. , 196':) .

Pyruvate + C00 + AfP *cetyl

5 groups of procedures have been described for the assay of 

pyruvatc carboxylaset

i) A spectrophotometric method, suitable for the accurate direct 

measurement of activity in highly purified preparations (Utter & Keech, 

1963; Seubert & Remberger, 196l) t io subject to interference from side- 

reactions when the enzymes catalysing these are present in large amounts,

e.g, lactate dehydrogenase.
14 il)M*thods based on the incorporation of C-RCO- into oxaloasctate,

with subsequent reduction of the latter to ma late (Utter & Keech, 1963; 

Wagle, 1964), suffer from lack of specificity and the occurrence of 

"exchange" or "back-reactions" (see below).

iii) A method which depends on incorporation of C from [l- cj- 

pyruvate via oxaloacetate into citrate, in the presence of an excess of 

citrate synthase and acetyl CoA (Berating & Seubert, 1964), is also 

complicated by side-reactions of oxaloacetate, e.g. malate formation and
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citrate cleavage.

The use of the method (belonging to group ii) t described under 

"Assays of Enzyme Activity" in the METHODS section, was investigated in 

pigeon liver, both as an assay of pyruvate carboxylase and in the hop* 

that aspects of ntitociiondrial metabolism associated with CO fixation 

night be clarified* The results suggest that radiochemical assay of

pyruvate carboxylase, using C-HCO,, is not suitable for this tissue due

14 to the high activity of "exchange" reactions between H CO- and oxaloace-

tate, catalysed by PEPCK, The use of [l- c]-pyruvate in the sane 

procedure was found to be satisfactory*

!• Incorporation of H C0~ in pigeon liver* When a pigeon—liver
j

homogenate was incubated according to the basic procedure, (see METHODS)

14 / \ the rate of B CO, incorporation was not linear (Fi&» 7/» The initial

rate was 18 ijMoles/min./g* wet wt. at 25 , a value about 25 times that 

obtained in rat-liver boraogenates similarly incubated* The rate over

short periods was proportional to extract concentration in the range
/ 14

25 - 100 mg. wet wt* of tissue/cup* The "blank" rates of H CO- incorp­ 

oration viz, those occurring in the absence of added pyruvate and malate

or in the presence of either compound alone, are also given in Fig. 7*

/ 14 \ la the absence of pyruvate (the H CO, acceptor) the net incorporation

was nearly as high as that in the full system containing 20 ^Moles of 

pyruvate, while omission of malate decreased the fixation by *6%. Two- 

dimensional paper chromatography of the extracts (in the solvent systems
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Fig, 7, Time course of H CO incorporation in pigeon- 

liver homogenate.

The procedure was that described in METHODS under

"Assay* of Enzyme Activity". 17.5 mg. dry vt. of tissue
o 

were added to each cup. Incubation vas at 23 . • : No

pyruvate or malate added; A : pyruvate addtd; O : aalate 

added; • : malate •»• pyruvate added.
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previously described), followed by autoradiography, revealed that in all 

4 cases about 90 - 95Jt of the total counts on the paper were in areas 

identifiable as malate and funarate. Although pyruvate is not very stable 

to these procedures f the amounts remaining were sufficient to justify the 

conclusion that there was little radioactivity in pyruvate. After 13 min. 

counts appeared in citrate.

In a similar exr><*riment, the total incorporation after 9 n>in* wa*

about 17% of all the counts added* By simple calculation* assuming that
Ik each incorporated R CO, molecule represented the net synthesis of a

molecule of dicarboxylic acid, 5*7 fiMoles of acceptor had been carboxylated 

at this time* The specific activity of the 20 ^oles of taalate theoreti­ 

cally now present would still be less than /3 that of the COg system. 

In Table 22, the concentrations of metabolites determined in these 

extracts are given. In the full system, 2*3 jJ.Moles of pyruvate (+ lactate) 

had been removed during 9 rain,, while 2*2 fiMoles of raalate (4funarate) had 

disappeared* The increases in citrate, a—oxo-glutarate, glutamate, 

aspartate and PEP did not account fully for these losses* Oxaloaeetate 

was prevent in such low amounts that accurate measurements were not 

possible* The theoretical gain of 5*7 ^Moles of dicarboxylic acid at the 

expense of pyruvate was thus not confirmed* Further, in the "blank" 

system without added pyruvate, the high incorporation rate had occurred 

in the presence of a very low concentration of pyruvate (0.08 mM) formed 

from endogenous sources or by "back-reactions 11 *

Further additions of ATP, CoA, acetyl CoA or NAD* to the full



Table 22• Metabolite changes during fixation of H CO- by a pigeon-liver 
hoaogenate.

The standard incubation system as described under "Assays of tnzyae 
Activity" in MKFHODS, was employed. The liver was frost a starved pigeon, 
Incubation was for 9 min. at 25 .

»«. 123*
Substrates Added (^Moles)J
Pyruvate 15.0 15.0
Malate 13.6 13.6

14 {Jtoles H CO- incorporated
(using simple calculation — 
see text) 0.45 1.49 5.20 5.72

Metabolites found (^Moles/cup)I
Pyruvate 0.01 10.9 0.08 11.0
Lactate 0.04 1.70 0.12 1.73
Malate 0.02 0.85 9.00 9.55
Fawate 0.01 0.20 1.75 1.55
PH» 0.01 0.15 0.30 0.38
Citrate 0.04 0.19 0.24 0,65
a-Oxo-gl utarate 0.01 0.28 0.32 0.58
Glutanate 0.10 0.41 0.40 0.78
Oxaloacetate 0,01 0.01 0.01 0.01
Aspartata 0.01 0.20 0.22 0.12

Net changes in metabolites 
(^Moles/cup) t

Pyruvate + lactate -2.4 -2.3 
Malate + fumarate +1.05 -2.85 -2.2
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2+ system failed to increase the net incorporation, while addition of Mn ,
* +Mg , ATP and NAD (or HADH) in the amounts employed was required for

maximal activity. Ca2* inhibited, while inhibition by EDTA could be 

reversed by a slight excess of Mn2*,

An important requisite of the method is that the rate of reduction 

of oxaloacetate by malate dehydrogena.se and NADH should not limit the 

overall rate of H CO, fixation. Addition of succinate (20 mM) might be

expected to increase intra-mitochondrial NADII (Krebs ejb al. t 1961); in
14 fact, 110 increase (or slight inhibition) of H CO. incorporation was

observed, although the concentrations of malate and fumarate were 

increased by 40^ relative to controls* liutyrate (5 mM) was added to test 

whether the concentration of intra-mitochorulrial acetyl CoA under the 

standard assay conditions was sufficient maximally to activate pyruvate 

earboxylase - according to Dr. M.C. Scrutton (peraonal communication) 

pigeon-liver mitochondria! pyruvate earboxylase is highly sensitive

to activation by this metabolite* There was no effect of butyrate
14 addition on R CO, incorporation, and malate and pyruvate removal were

unchanged*

The rates were the same in livers from fed and starved pigeons.

Taken together, the data from experiments with whole homogenates
14 suggest that if the fixation of H CO, were catalysed primarily by

pyruvate carboxylase, then the rapid incorporation in the absence of

added pyruvate must have been associated with "back-reactions'1 synthesizing

pyruvate from malate or oxaloacetate at a rate sufficient to allow
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near-maximal activity of pyruvate carboxylase. P'yruvate could also have 

arisen from carbohydrates or araino acids. HoweverI

1. The K^ of pyruvate carboxylase for pyruvate (0.4 mM - Keech & Utter, 

1963) is about 3 times the measured pyruvate concentration in the relevant 

extracts*

2. The absence of counts in pyruvate in the full system implies that 

under these conditions, where 15 ^Moles of pyruvate were added, few or no 

"back-reactions" occurred,

3. 20 mM fluoride did not inhibit the "blank" incorporation in the 

absence of added pyruvate, eliminating aerobic glycolyais as a source of 

endogenous pyruvate*

kt, Exclusion of PK and laalate enzyme from the reaction system by using 

washed mitochondria (see Sections B and D for distribution studies on 

these enzymes) did not prevent the occurrence of the high "blank" activity

found also in this preparation*
U 

Thus it appears likely that a large part of the fixation of H CO..

especially in the absence of added pyruvate, was not due to pyruvate 

carboxylase. It was also not due to malate enzyme, which has a K for
10

pyruvate of 1.2 mM (Utter, 1963) and which was removed from the system 

without effect when washed mitochondria were used. 87% of the H C0_- 

fixing activity of a fresh homogenate was located in the twice-washed 

•cyclophorase" preparation (representing the sediment of a standard 

sucrose hoaogenate of the same liver centrifuged at 2500g for 10 tain.). 

Washed pure mitochondria had a specific activity k times that of the whole
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hoBOgenate froaifelch they were prepared, although they contained only 

/6 of the dry wt. These findings suggest that the bulk of the activity

vas raitochondrial.

14 The ability of PEPCK of pigeon liver to incorporate COg into

oxaloacetate in the absence of PEP has been known for many years and has 

formed a basis for an assay of this enzyme (Utter, 1951$ Utter £ Kurahashi, 

1934; Kurahashi €st a^., 1957). The rate of fixation vas greatly stimulated 

by ATP addition, although later studies with pure nucleotides and 

purified proteins showed that 6TP or ITP were the direct reactants in the

"exchange reaction". Lane jet aJU, (1966) have described the occurrence of
14an H C0,-oxaloacetate exchange catalysed by purified pig-liver laitochond- 

rial PEPCK at a rate greatly in excess of the overall carboxylation or 

decarboxylation reaction* Pyruvate carboxylase does not carry out a 

rapid "exchange" of this £ype (Scrutton & Utter, 1965).

It is likely that PEPCK, present in high activity in pigeon-liver 

mitochondria (see Section C) carried out a large part of the H CO- 

fixation observed in these experiments, by virtue of an exchange between
•I JL

H CO- and oxaloacetate independent of added PEP (although soow PEP was 

in fact formed)*

The method with H CO, is not suitable for use as an assay of 

pyruvate carboxylase in this tissue.

r 14 n2. Incorporation of LI* Cj~pyruvate in pigeon liver. Since the
14 incorporation of H CO- could not be used to give an indication of

pyruvate carboxylase activity in pigeon liver preparations, the method of
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Henning ft Seubert (1964) was adapted to give a more exact assay, [l- GJ-

pyruvate was now used as the labelled precursor but the basic principle
14 and practice of the method waa retained* Since the C-oxaloaeetate was

trapped in a large pool of unladelied malate, there was a low probability 

that C would be lost froia oxaloacetate in the exchange reaction. This 

follows from the fact that the exchange involved the other carboxyl group 

of oxaloacetate; randomization of label in the two carboxyls was prevented 

by the presence of the large pool of added malate, Iladioactivity in 

citrate + malate was measured after paper chromatography of the extracts.

Knowledge of the specific activity of added pyruvate allowed the calculation
14 of the jiMoles of C incorporated*

2+ 2+ The addition of Mn and Mg ions was required for maximal

activity, as was the addition of HAD4 , Omission of ATP left only 20$ of 

the original incorporation* The other components of the assay mixture

were optimal. The assay was linear for 10 rain, and was proportional to
14 extract concentration. When compared with the rate of H CO. incorporation,

the rate was lower by more than two-thirds, 75% was present in twice- 

washed Mitochondria prepared at low temperature (see Wagle, ^964). 

Succinate addition (20 mM) did not affect the assay, showing that the 

rate of oxaloacetate reduction did not limit the overall rate of C 

incorporation, Since the enzyme was being assayed in aitu in mitochondria, 

it was not possible to test for avidin sensitivity.

Values for pyruvate carboxylase obtained by the above method are 

given in Table 23. The small number of observations precludes a valid



Table 23 • Assay of pyruvate carboxylase in pigeon liver by the incorpor­ 
ation of [l- CJ-pyruvate into malate and citrate*

The assays were conducted on fresh horaogenates as described in 
METHODS and in Section A* The values refer to |JMoles/min*/g» dry wt« 
at 25 .

No. Nutritional state Activity

1. Well-fed 11.9

2. Well-fed 9.65

3. Starved 48 hr, 12*1

4* Starved 48 hr. 11*2
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statistical analysis, but the data suggest that the activity did not 

change on starvation for 48 hr* f which is supported by the finding 

(Section F) that isolated mitochondria from fed and starved birds did not 

differ in their capacity to form PEP from pyruvate*

Herming £t aJU f (1966) have reported that in rat liver and kidney 

cortex about half of the pyruvate carboxylase activity is non-particulate, 

if steps are taken gently to dissociate the enzyme from the particles by 

changes in the tonicity of the median. They also found that both 

particulate and soluble enzyme activities were increased after 12 hr* 

starvation, in alloxan diabetes and after cortisol administration. 

Changes in pyruvate carboxylase in diabetic rats were also shown by V/agle 

(1964), Freediaan & Kohn (1964) and Prinz & Seubert (1964)* Shrago & Lardy 

(1966) and Krebs (1965) have found no changes in hepatic pyruvate 

carboxylase activity in rats given glucocorticoids or made diabetic 9 

respectively* These discrepancies may be due to the use of different 

assay procedures. Scrutton (1965) stated that "starvation for 24 - 36 hr« 

caused a l£ - 2fold increase in the specific activity of the enzyme in 

the mitochondrial extract""when purifying pyruvate carboxylase form 

chicken liver* The above data suggest that no such changes occur in 

pigeon liver*

Of the key gluconeogenic enzymes tested, pyruvate carboxylase 

had the lowest activity, which was not greatly in excess of the maximum 

rates of PEP synthesis from pyruvate in isolated mitochondria, or of 

carbohydrate synthesis from lactate in homogenates* This supports the
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conclusion (see Section F) that the enzyme is rate-limiting for gluconeo- 

genesis from pyruvate and its precursors in pigeon-liver homogenates. and 

probably alao in the intact liver*

SECTION B

M4L4TE ENZYME IN PIGHON LIVM. This enzyme, which catalyses 

reaction (12), has been studied in partially-purified form by Ratter & 

Lardy (1938) and Stickland (l939ia,b). In agreement with the former, 

malate enzyme was found to occur almost exclusively ()90^) in the 

supernatant fraction of asucroae homogenate eentrifuged at 30 tQOOg for

30 oin.
n»2+

M»lat« + NADP tm " Pyruvate + COg + NADPH + R* ~- — — (12)

The activity of malate enzyme in avian liver is particularly high 

in comparison with other species (Ochoa ejb ,al.. t 1950)) this was borne out 

in the present work, where the average activity (60 - 70 jj.Moles/min./g. 

vet wt. at 25 ) exceeded that found by Pande et al.. (1964) in livers of 

fed rats, by some 40 times*

Washed Mitochondria (Section F) were almost entirely free of 

malate enzyme activity.

Variations in the activity during fasting and refeeding are shown 

in Table 24. The data agree with Wise & Ball (1964) and Young et aU, 

(1964) relating to changes in rat liver malate enzyme in such nutritional 

states. It appears certain from the work of these authors that malate



Table 24. Malate enayme activity in pigeon liver during a cycle of 

fasting and refeeding (with standard diet)*

Assay* were carried out as described in METHODS. The values refer 
to the mean activity in ^Moles/min./g, dry wt. at 25 f with standard 
deviations.

Nutritional state Ncv of birds Activity

Well-fed % 201 - 16

Starved 24 hr. 3 123 - 6 *

Starved 48 hr. % 57 * 21 

Starved 48 hr., then

refed 6 hr. 5 93 - 16 *

refed 18 hr. J 131 * 8 *

refed 40 hr. 5 21? ^ 20

^^

. significantly different fro» values for well-fed birds (f -<0,00l)
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enzyme is intimately concerned with lipogenesis in adipose tissue and 

•unary gland, and in the liver* Being NADP*- linked, it acts as a 

transhydrogenase (in conjunction with KAJE>*-link4d ma late dehydrogenase) 

and - more generally - as a generator of KADPH for reductive syntheses* 

In the context of gluconeogenesis y however, it is possible that the 

marked changes in malate enzyme during hormonal and nutritional treatments 

could divert dicarboxylic acids to pyruvate instead of PEP, in competition 

with malate dehydrogenase and PEPCK*

SECTION C

ATE CAHBOXYKINASE { PEPCK) IN PIGEON LIVER, There 

is little doubt that PEPCK is concerned in gluconeogenesis from oxalo- 

acetate and its precursors in liver and kidney tissue. (See Section F)» 

A special interest in the enzyme resides in its intracellular location in 

different species (Nordlie & Lardy, 1963, b). In avian liver (as in the 

livers of certain other species, such as the guinea-pig (Nordlie & Lardy, 

1963, b) lamb and rabbit (Bandurski & Lipmann, 1936)), PEPCK has been found 

in the mitochondria (Kurahashi et al»t W?J Stickland, 1959, c).

Some properties of pigeon-liver PEPCK were investigated, with 

particular reference to phenomena that could play a part in the regulation 

of the activity in situ.

The enzyme could not be solubilized from particulate fractions 

without their disruption, sonication being the best method. (See METHODS).
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This "latency", in conjunction with the evidence presented in Section F 

concerning the effects of atractyloside on PEP synthesis in isolated 

mitochondria, strongly suggests that PEPCK is located in the "matrix 

space" (Klingenberg & Pfaff, 1966)*

The intraceilular distribution oi' PEPCK was studied by eentrifuga- 

tion of a fresh standard sucrose homogenate. The results (Table 23) show 

that the bulk of PEPCK was in the particulate fraction, and that uiore than 

80% of this was solubilised by sonieation* In another experiment, 65$ of 

the PEPCK activity of the original homogenate was present in the pure 

washed mitochondria! fraction, 20$ in the fraction containing intact cells, 

nuclei and debris, and 10% in the tvo supernatants obtained during the 

washing procedures* It is evident that there is very little FKPGK in the 

"cytosol" in pigeon liver, contrasting with rat liver. The intraceilular 

distribution was the saae in well-fed and starved pigeons*

There was no significant variation in PEPCK activity in the livers 

of pigeons during a cycle of fasting and refeeding (Table 26), In 

addition, the activity of washed mitochondria was ?0 - 85 ^Moles/min./g* 

dry wt. at 25 , irrespective of the nutritional state of the birds. This 

correlates with the finding of Mordlie et al^f (1963) that mitochondrial 

PEPCK in rats and guinea-pigs did not change during various hormonal and 

dietary treatments, whereas the soluble enzyme was subject to vide 

variations. PEPCK was twice as active as pyruvate carboxylase in pigeon

liver.

No detailed kinetic studies have yet been carried out on PEPCK,



Table 25. Intracellular distribution of PEPCK in pigeon liver.

A starved pigeon was used. A standard sucrose hotaogeaate (see 
METHODS) was centrifuged for 20 rain, at 30 tOOOg at 0°. Samples w«re 
sonicated for 2 periods of 60 sec. each, and the sonicates vere centri- 
fufftd as before. Assays vere carried out in the direction of oxalo- 
acetate formation (see METHODS).

No. Fraction

1. Whole hoiaogenate

2. Supernatant

3. Resuspended particles

4* Sonicated whole homogenate

5. Sonicated supernatant

6. Sonicated resuspended particles

7« Supernatant of (6) after centrifugation

Activity 

(jiMoles/fraction/rain, at 25 )

10.2

3.18

8.85

75.0

4.10

75.0

58.5

8. Resuspended sediment of (6) after
centrifugation 11.6



Table 26. Changes in PEPCK activity in pigeon liver during fasting and 
refeeding (with standard diet).

Whole homogenates were prepared and assayed as in METHODS. The 
mean values are given with the standard deviations.

Nutritional state No. of birds

Well-fed

Starved 2k hr.

Starved 48 hr.

Starved 48 hr., then 

refed 6 hr* 

refed 18 hr. 

refed 40 hr*

5

3

6

3

3

3

Activity
(^Moles/rain./g. dry vt. at 25 )

31.2 1 5.2 

27.6 - 3.0 

33.1 ± 5.7

27.7 - 2.9 

32.1 - 3.5 

29.8 i 4.8
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since high degrees of purification have until recently not been achieved, 

The apparent Kffl for PKP (IDP saturating! IDP/Mn2* ratio 1.3) was 23 ^M 

(Fig. 8). The effects of PEP concentration on the initial velocity 

differed from those described by Stickland (1959, c) in that a "normal" 

hyperbolic relationship appeared to exist. The result was similar when 

2-mercaptoethanol was omitted from the assay procedure, the apparent K 

for IDP was 30 pM. According to Stickland (I959,c) the K for HCO, is
IB J

about 25

AMP and ADP (both 0.8 nfc) inhibited by less than 5% in the
2+ 2+ standard assay with 1 oM Mn ; there was no inhibition when the Mn

5
concentration was raised to 3 raM. ATP inhibited by BQ% in the standard

system; again the effect was reversible when excess Mn" was present* 

These negative findings are in contrast with those of Utter & Kurahashi, 

(1934). Cyclic 3',3 t -AMP (0.1 a*f) had no effect. CoA (0.4 mM-) was 

without effect; acetyl CoA (0.33 raM) inhibited by 20^ - this was not 

reversed by extra Mn * ions. L-a-glycero-P (l raM), glucose 6-P (l mM), 

glucose (3 «M), FDP (1 oM), 3-PGA (X mM), L-malate (3 nil) and Pi (6 mM)

did not influence the enzyme activity. Citrate (0.3 mM) inhibited by
2+ 10>, which was reversed by adding Mn in excess.

The maximal velocity of the sane preparation of PEPCK, when 

assayed in the direction of oxaloacetate decarboxylation, was similar to 

that obtained in the other assay. The apparent ft for ITP was 1,6 mM, 

when oxaloacetate was 3.3 mM and Mg 13 mM (fig. 9), in agreement with

Nordlie ft Lardy (1963,b). According to theee authors, the oxaloacetate
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Fig. 8, Effect of PEP concentration on the initial velocity of 

PEFCK (direction of carboxylation).

An extract consisting of fresh sonicated vashed Mitochondria was used 

and assays were carried ont as described in METHODS. The Mn concentra­ 

tion was 1 mW and that of IDP l.Gb nM. Tests shoved that substrate inhibi­ 

tion due to excess IHP did not occur. The apparent K for PEP was 23
2+ ™ 

A similar value was obtained when Mn was added at 3 nM. [The initial
f\

velocity wa

enzyme.

s expressed as - E/3min. at 2 r) for a constant aaount of addtd
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concentration giving half-maximal velocity is about 1 art in this assay. 

The apparent K^ for QTP vas lover than that for ITP (0.4 rf*), °nt so was 

the V (Fig. 10). Both nucleoside triphosphates exhibited hyperbolic 

substrate - velocity relationships. According to Kurahashi et aK, (1957) 

the "affinity" of purified chicken-liver PEPCK for GfP is very highj

recently, Lane et al,. (1966) have reported K values for 6TP and PEP for— .— s

the highly-purified pig-liver PHIPCK obtained by equilibrium dialysis - 

these are 10 tines lover than the above values.

Heldt & Klingenberg (1965) have shown that ITP does not occur in 

rat liver mitochondria, and Heldt et aJU t (1964; have obtained evidence 

that endogenous GDP is the physiological acceptor for substrate—le-fel 

phosphorylation in the MUM preparation. On this basis it is likely that 

GTP is the usual substrate for mitochondria! PEPCKj determination of the 

true kinetic constants vill have to await greater success in the purifi­ 

cation of the enzyme.

GDP inhibited the ITP-dependent decarboxylation of oxaloacetate 

in this assay (Fig. 9). The inhibition vas competitive with respect to 

ITP (Fig. 11) and the K, was about 0.4 aM. Metal binding vas not a 

factor. Part of this effect of GDP could have been due to "blank" 

activity of PK, since GDP is 2 - 3 tisws more effective than IDP in that 

reaction (see METWDS). All possible steps vere taken (see METHODS) to 

reduce interference from this enzyme; further, in the carefully-timed 

procedure for the determination of PEB accumulated during the assay, there 

appeared to be no difference in the amount of pyruvate present in the
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r'ig, 10. Inhibition of PEPCK by GDP arid determination of the
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The method was as described for Fig. *), except that GTP 

replaced 1TP a§ Bubatrate. The K for GDP vas about O.l") irfl,

and the apparent K for GTP vas 0.^ mM. The V with GTP was
01 met jt

about ~'^ of that with IT!' (see Fig.
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iples with and without GDP, suggesting that all the pyruvate waft 

formed by decarboxylation of oxaloacetate. The fact that the inhibition 

by GDP was competitive with ITP also indicates that the effects were not 

due to changes in the rate of PEP removal. Finally, when GDP was used as 

acceptor in the carboxylation reaction, the increase in the blank rate of 

MASK oxidation was only 10 - 20jt, at the highest GDP concentrations used. 

Similar results were obtained in the GTP-1inked assay, except

that the K, was 0.1 mM (Fig. 10). The lower V in the presence of GTPi niax

may have been due to contamination of GTP samples with GDP, which varied 

between 10 * 25%t despite all precautions taken. Although the accuracy 

of these kinetic data is decreased by the enforced use of a sampling 

•ethod, with consequent difficulty in determining initial rates, it is 

reasonably certain that GDP is a strong competitive inhibitor of PEPCK 

with respect to the nucleoside triphosphate substrate, and that the 

GDP/GTP ratio will be an important determinant of the overall rate of 

conversion of oxaloacetate into PEP.

Adenine nucleotides did not inhibit the rate of oxaloacetate 

decarboxylation (within the limits of accuracy imposed by high blanks) at 

concentrations of 3 mM (ATP), and 1 mM (AMP and ADP). The following 

substances did not affect the rate in this directions acetyl CoA (0.3 mM), 

CoA (0.1 mM), citrate (0.5 nM)> malate (2 mM), Pi (6 mM), 3-PGA (0.8 mM), 

glucose 6-P (1 mM) and palmityl CoA (0.1 mM).

The above studies did not suggest that "co-operative effects" 

exist in the kinetic behaviour of PKPCK with respect to 3 of its substrat««
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(PEP, ITP, and GTP) or an inhibitor (GDP). No evidence of "allosteric" 

or second-site regulation was found*

It is apparent that pigeon-liver PEPCK differs greatly from the 

soluble enzyme of rat liver and kidney cortex* The list of species 

studied from the point of view of intracellular PEPCK distribution is too 

short to allow general correlations to be made, e.g, from the nature of 

diets or of special functional physiology* For example, ketosis in both 

rats and cattle has been ascribed to enhanced PEPCK activity in the 

presence of unchanged capacity to form oxaloacetate from pyruvate (Krebs, 

1963)* According to Miss P. Lund (personal communication) PEPCK in 

bovine liver is at least partly mitochondria! (rat liver mitochondria 

contain almost no PEPCK)* Pigeons also are liable to ketosis following 

pancreatectomy (Haaelvood, 1965). The studies of i&rtcm & Park (1965) 

have suggested an action of glucagon and adrenal hormones on PLPCK, based 

on changes in intermediates in perfused rat liver*, Foster et aJU, (1966) 

have described a paradoxical effect of L-tryptophan administration on 

PLPCK of rat liver, consisting of a marked and early induction of PLPCK 

in intact and adrenalactcammed rats, but a concomitant inhibition of the 

glycogenic effect of hyilrocortiaone, or of glycogenesis from pyruvate, 

malate and aspartate. This work followed on the earlier studies of Bay 

et aUt (1964) shoving that the increased PKPCK activity following on 

hydrocoriisone administration to rats was not directly due to protein 

synthesis, but involved activation phenomena* These results point to 

complex regulatory mechanisms governing the activity of PEPCK in rat liver;
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pigeon liver has not yet been studied from the point of view of hormonal 

effects*

SECTION D

PYRWATE KINA8E (PK) AN1> ENOLA3E IN PIGEON LIVER* Krebs «t Kggleston 

(1965) pointed out the important role that PK activity might play in the 

regulation of glucotieogenesis in the liver at the level of PEP metabolism. 

They demonstrated a fall of 66/& in the hepatic PK activity of rats 

starved for 48 hr« or fed a low carbohydrate diet, while an increase of 

more than 300$ occurred on a sucrose-casein (?0 s 3®) diet for 2-3 days* 

No such changes occurred in the kidney cortices of the same animals* 

Tanaka *£ aJU f (19&5) obtained evidence for 2 forms of PK in rat liver, 

using immune-precipitation techniques and differential fractionation* 

They also reported changes in the "L" -fora of the enzyme in liver during 

dietary and hormonal treatments. Weber .ejb aU, (l965»b) have described 

changes in rat liver PK consonant vith the above* and have emphasized the 

requirement for insulin to permit induction* No changes of a similar 

nature have been reported for liver enolase*

PK and enolase activities in pigeon livers during a cycle of 

fasting and refeeding are shown in Table 27* No significant variations 

occurred* The bulk of both enzymes was found in the soluble fraction 

(Table 28). Besides an obligatory requirement for K* ions f VK. required

Mir2* or Ma** for activity in this assay. The apparent K for ADP (at an^* m

optimal PEP concentration of 1.1 mM) vas 0.6 mMj that for P13> was 0.5 mM*



Table 2J. Activities of pyruvaie kinase (Ht) and enolase in pigeon liver 

during a cycle of fasting and refeeding (with standard diet).

The assays were carried out on whole hosrogenates as described in 

METHODS. Mean activities are expressed as liMoles/nin./g* dry wt. at 25 

with standard deviations.

Nutritional state

Well-fed

Starved 24 hr.

Starved 48 hr.

Starved 48 hr» 9 then: 

refed 6 hr* 

refed IS hr. 

refed 40 hr.

No* of birds PK activity

56-4 

69-5

58 i 9

51 ±3 

49-7

Knolase activity

202 i 1? 

175 - 29 

162 - 12

174 - 26 

149 - 22

192 i 31



Table 28. Intracellular distribution of pyruvate kinase (PK) and enolaae 

in pigeon liver.

A fresh sucrose hotaogenate was prepared (l i *s, v/v - see METHODS) 
using the liver of a starred pigeon* 2 sets of particles were prepared; 
the first vas the unwashed sediment of a 20 min. centrifugalion at 30,000g 
at 0 , the other consisted of pure twice-washed mitochondria. Both 
pellets were resuspended in homogenizing medium to the original volume 
of houogenate from which they were prepared - percentage yields could 
then be derived for each fraction.

Fraction

Whole ho»ogenate 

30,000g supernatant 

30,000g sediment 

Washed mitochondria

Activity Percentage of 

(piMoles/min./fraction at 25 ) original activity

IV

379

285

104

8

Enolase

640

562

86

3

100

75

27

2

Enolase

100

88

13

1



- 112 -

Inhibition was observed when the concentration of PEP was raised above

2+ 
2 nM* This occurred in the presence of an excess of Mg and may have

had a kinetic basis on the lines of that proposed by Ferdinand (1966) for 

certain 2-substrate reactions*

Thert was no inhibition by pyruvate belov 3 mM. ATP inhibited at
2+ 

relatively high concentrations (3 mM ATP gave 50$ inhibition when Mg

was 10 aM and the pH 7.4). This was similar to the behaviour of ousele 

PK (Reynard ejb aJU, 1961). No detailed studies were done since the 

kinetics appeared to be complex and are under study in various laboratories

(Tanaka et aJU,, 1965} Mildfean & Conn, 1966). The same comment a apply to

2+ 2+ 
the effects of Ca ions} inhibition occurred in competition with Mg

(see Kachaar * Boyer, 1933; Hildvan & Cohn f 1966).

Glucose, glucoso 6-P, PI)P f a-glycero-P and 5-PGA (all at 1 a*!) did 

not affect the enzyae. Malate, glutanate, aspartate and a-oxo-glutarate 

(all at 8 mM) had no effect* Citrate was tested because of the close

functional correlation between PFK and PK in glycolysis - there was no
2+ 

inhibition at 3 laM citrate, in the presence of a 3-fold excess of Mg

ions. The inhibition by ATP was not potentiated* NH, and Pi ions (6 nM 

activated by 10 - 20%. AMP and cyclic 3',5'-AMP had no effect (1 a*! and 

0*2 MM, respectively)* CoA (0.2 mM) and acetyl CoA (0*4 nM) inhibited by 

less than 10#. Palmityl CoA was without effect (0*1 aM),

PK of pigeon liver appears thus not to undergo variations in
(

activity during starvation or refeeding, and is significantly sensitive* 

amongst a variety of Metabolites tested, only to inhibition by ATP and
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2+ Cm f and to "activation" by its substrates (ADP and PEP) and metal ion

eofactors (Mg2* and K*").

The high activity of enolase, and its failure to change during 

starvation and refeeding, are in agreement with the view that it is a 

"bifunctional" enzyme of both glycolysis and gluconeogeneais (Weber et al» a
•

1965,a).

SECTIOH E

NPCLEOSIPE PIPHOSmOKINASE (NuDiKi) IN PIGEON LIVER. This enzyiw 

probably plays a key role in the intracellular metabolism of nucleotides 

(see Weaver, 1962) but relatively little is known of its kinetic properties 

or intracellular distribution, or even whether one enzyme entity catalyses 

the numerous reactions between ADP or ATP and non-adenosine polyphosphates, 

according to reaction (13)t

X-P-P + Ad~P-P-P ̂ ———* X-P-P-P + Ad-P-P — — — (13) 

Since P1SP synthesis in liver mitochondria is thought to involve the 

participation of guanosine nucleotides (Section C), and because the 

kinetic studies in that Section suggested that the ratio of GDP/GTP might 

be important in the regulation of FKPCK activity, the distribution, 

activity and kinetic properties of NuDiKi were examined in pigeon liver.

The intracellular distribution of NuF'iKi (Table 29) was principally 

particulate, although 12^ was found in the cytoplasm. Sonication 

solubiliaed about /3 of the particulate activity. In another experiment



Table 29, Intracellular distribution of nuclcoside diphosphokinase

in pigeon liver,

Exactly the same sonicated fractions were assayed as those described 
in Table 25. The assays vere carried out as described in METHODS*

No, Traction Activity
at 25 )

11 Sonicated whole honogenate *»600

2* Sonicated supernatant 480

3* Sonicated resuspended particle*

4« Supernatant after recentrifugation
of sonicated particle* 2610

5* Resuspended sediment of centrifuga-
tion mentioned in (4) 1246
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of all the activity in an homogenate was recovered in the pure 

vashed mitochondria! fraction* Since both the 450g sediment and the 

two "washing" supernatant* contained mitochondria, it is a reasonable 

conclusion that 75% of the total NuDiKi in pigeon liver is mitochondria!. 

This applies also to fed pigeons*

The tissue activity of NuDiKi was very high (400 - 600 ^Moles/rain./ 

g* dry wt. at 23 ), in comparison with PEPCK or pyruvate carboxylaae. 

There was no apparent difference between starved and fed birds.

The "latency* of NuDiKi (i.e, the requirement for particle 

disruption for full activity, best achieved by sonication - see METHODS) 

and the effects of atractyloside on isolated mitochondria reported in 

Section Fv suggest that the enzyme is located in the mitochondria! "matrix 

•pace" within the "adenine rracleotide translocase" barrier (Klingenberg ft 

Pfaff, 1966), H«ldt ft Schwalbach ( 1966 ) said rat-liver NuiiKi appears 

to be mainly ertranfdtochondrial t like PKPCK. However, according to 

Klingenberg ft Ffaff (1966) NuDiKi in rat liver is almost exclusively 

mitochondrial.

Kinetic studies were carried out using as enzyme preparation a 

high-speed supernatant of sonicated washed mitochondria* The K* values
o

for GTP and ADP were determined by the method of Florini & Vestling (195?) t 

based on the initial velocities at pH 8. A family of parallel lines was 

obtained in double-reciprocal plots where ADP was the variable substrate 

and GTP was the fixed-changing substrate (fig. 12), except that substrate 

inhibition occurred at ADP concentrations higher than 0,1 mMj this



1
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V

10 20 30 40 50

VADP( 11M )

Fig, 12» Effect of ADP concentration on the initial velocity of 

nucleoside diphosphokinase (NuDiKi) at various concentrations 

of GTP.

The assays were conducted as in MLTHODS, using the ~W,OOOg 

supernatant of f reahly-prepared and sonicated mitochondria. 

The values for the (extrapolated) intercepts on the ordinate 

were used to construct a Florini & Vestling i^")?) plot to deter­ 

mine the K 1 for GTP. The initial velocity was expressed as 

n. at 21 for a constant amount of enzyme. • —— _• GTP 

A GTP ^.^ x ItrV. ——— • GTP 1.1 x 10"Si;1.2 x 1()~"V

O- (iTP (> x 10 M.
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competitive with GTP. The inhibition could not be overcome by adding 

wore hexokinaae or glucose 6-P dehydrogenaae, fir by addition of Mg2*. 

These tests were done because it was suspected that high concentrations of 

AOP might increasingly inhibit hexokinaae (Crane & Sola, 195%)* this did 

not appear to be the case. When GTP was the variable substrate and ADP 

was the fixed-changing substrate, parallel lines were also observed at 

low ADP concentrations. The fltrini-Vestling plots were linear for both 

substrates and gave K»s values of 8 - 9 x 10"5M for GTP and k - 5 x lO"^ 

for ADP. Mourad & Parks (1966) in their studies on erythrocyte MuDiKi 

obtained similar results, although they used rather small amounts of 

auxiliary enzymes in their aseajcs. It say therefore be assumed that their 

finding that one protein entity catalyses the reactions with several species 

of nucleotide substrates can be extrapolated to the pigeon liver enzyme, 

The mechanise of the reaction from both sets of data appears to be of the 

"double displacement** type, and the inhibition at high concentrations may 

be due to the fonaation of on "abortive complex1* as suggested by Hour ad & 

Parks (1966). The values given by these authors for K's of ATP amUGDP 

were 4 - 8 x 10~V and 3-6 X 10"^ M , respectively,

The equilibrium constant for the reactions GTP 4- ADP<—» GDP + ATP,
<t 

is not known. Theriaodynamic considerations, and the value derived by

Berg & Joklik (1953) for the reaction* ITP * APPf* 1DP + ATP, suggest 

that it would be near to unity. The concentrations of metal ions may be 

expected to have little effect on the equilibrium position, since the 

association constants for Mg * of GTP and ATP are very similar.
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The following factors may be of importance in on analysis of the 

possible regulatory role of NulHKi in PirJ* synthesis from oxaloacetatet

i) The high activity of the enzyme, and the reversibility of the 

overall reaction, indicate that metabolic control might not occur at this 

point. On the other hand, it is likely that the ratio GDP/GTP will at 

all times be closely "geared" to that of ADP/ATi*, and therefore to the 

"phosphorylation potential" of the mitochondria! matrix space*

ii) The inhibition of NuDiKi activity at ADP concentrations such as 

•ight reasonably occur in mitochondria (0*1 iaM), is competitive with GTP 

aad may thus be even more marked at low concentrations of GTP, According 

to Heldt & Kliagenberg (1965), the ratio of guanosine to adenosine 

nucleotides in rat liver mitochondria is about 1 t 100* The high activity 

of the enzyme would require very severe inhibition if GTP formation were 

to be regulated efficiently by this mechanism*

iii) Competition for adenine nucleotidea between various species of 

non-adenosine nucleotides nay be important in intact cells*

SECTION P

SYNTHESIS OF PEP IN PIGEON**LIVKR MITOCHONDRIA..

1. introduction

It is now almost certain that hepatic or renal synthesis of 

carbohydrate from pyruvate or ozaloaeetate (and all precursors of these 

key intermediates) involves the formation of PEP, This is followed by the
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reversal of the glycolytic pathway in terns of intermediates, but not in 

terns of all the participating enzymes (see Krebs, 1964,a). Only 2 enzymes 

are likely to catalyse formation of PEP, namely PK and PEPCK, by the

following reactions (14) and (15)«
v»2+ IT* * 

AfP + pyruvate "g * > PEP + ADP + H* — — — (14)

and
Mn2*

Qxaloacetate *• GfP (IT?) —^——}>PEP + GDP * COg — — (15) 

There is considerable evidence that Ht is not concerned in PEP synthesis 

in vivo, viz.

i) The reaction is highly endergonic (A.G „ +6.1 Kcal. - Burton, 19>?) 

and can only occur in the presence of very high ATP/ADP ratios* Krinsky 

(1959) has shown that intact liver mitochondria can maintain sufficiently 

high ratios to permit PEP synthesis definitely catalysed by PK in vitro.

ii) The apparent K of PK from muscle for pyruvate is about 10 aMffl

(Mcjuate & Utter, 1959)* the K of the liver enzyme is not known.
IB

iii) The maximal velocity is very slov in this direction (about 

/200 th of the reverse reaction - McQuate & Utter, 1959)* If this applies 

to the pigeon-liver enzyme, rates of PUP formation of 0.3 fiMoles/ain./g. 

dry wt. t*t 25 might be possible (aee Table 2?). This is much less than 

observed rates of PEP formation during carbohydrate synthesis in liver 

horaogenates.

if) In certain tissues, e.g. rat liver, the PR activity varies 

inversely with the glycogenic capacity* This does not apply to pigeon 

liver or rat kidney cortex* (See Section D),
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T) FK is present in many tissues, and is particularly active in 

those tissues where no gluconeogeneaie occurs. The discovery by Tanaka 

5l5i»» (1965) of a separate "L"-forra of PK in liver may imply a different 

functional role.

vi) The extensive iaotopic studies of incorporation of selectively

labelled precursors into liver glycogen suggest that randomization of
14C by a symmetrical "shuttle" occurs during the synthesis of the majority

of new hexose molecules (see Weinman ejb aiK, 1957)* However, these data 

do not exclude the possibility that net synthesis of PEP occurs via PK, 

arid that the labelling is due to an "exchange shuttle" between pyruvate 

and fumarate.

vii) Washed mitochondria from certain glycogenic tissues carry out 

rapid synthesis of PIP from a variety of precursors (see belon). Host of 

these preparations contain very small amounts of FK.

There is much evidence supporting a role of PBPCK In PEP synthesis 

in the liver or kidneyi

i) The enzyme has been found primarily in gluconeoscenic tissues, 

although it occurs also in certain white muscles and in brain (i.H. Opie 

and L.V. Eggleston, personal communication), and it may also be present 

in adipose tissue (Dougherty e& al. f 1966).

ii) The potential capacities of PEPCK in liver and kidney exceed the 

maximum rates of carbohydrate synthesis measured in these organs.

iii) The kinetic constants for the substrates are such that the 

enzyrae might be expected to be appreciably active in vivo.
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iv) The changes in the activity of "soluble* PEPCK in rat find guinea- 

pig livers during hormonal and dietary treatments (see Section C for 

references) are such as to suggest a close relationship to glueoneogenesis, 

in terns of the "increased through-put" theory of Fitch & Chaikoff (I960), 

No such changes occur in mitochondria! PEPCK, even in pigeon liver where 

no "soluble** PiOTK appears to exist.

v) PEP synthesis from dicarboxylic acids in isolated mitochondria 

occurs only in those species where PEPCK is largely mitochondrial (Nordlie 

ft Urdy, 1963,b).

Starting from the conclusions reached above concerning the roles 

of PK and PEPCK in PEP synthesis in the liver, studies have been carried 

out 4« examine the regulation of PEP formation in isolated pigeon-liver 

Mitochondria, from the point of view both of substrate supply and of the 

integrated control of mitochondria! metabolism related to it*

2. Previous studioa of PO* synthesis in mitochondria*

Kalckar (1939) first observed the formation of PEP from malate 

and fuaarate in crude extracts of kidneys fro&t cats ami rabbits . and 

suggested that it night be important in carbohydrate synthesis froa 

dicarboxylic oar amino acids* Leloir & Munoz (1944) demonstrated that 

PEP was formed frota citrate, glutamate, succinate, funarato and malate in 

a preparation of lysed liver particles from guinea-pigs, and showed a 

requirement for added Pi 9 AMP and c^rtochrome c. The oxidation of butyrute 

inhibited the forawtion of PLP (Munoz & Leloir, W3)* Stanbury & Madge 

54) described the synthesis of PfclP in rabbit-liver aaUociiandria in the
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presence and absence of DNPj o»ly citrate, o-oxo— glutarate, glutaxsate 

and proline were effective as precursors. In each case a bi phasic 

stimulation of 00 uptake and PFJP formation occurred when progressively

•ore D*JP was added, with a minimum at ry x 10< DNP. The effects were 

only observed (after a time lag) in the presence of UQ , high substrate 

concentrations and Pi.

Bartley (I954,a,b), Bartley & Avi-Dor (1935) and Hartley (1935) 

reported extensive studies on the mechanism of PIP synthesis in washed 

sheep-kidney particles, and in particles from rat and pigeon liver* The 

conclusions were:

i) PEP, as veil as 2- and 3-P6A, was formed during short incubations 

in the presence of high concentrations of oxaloacetate, malate, fumarate, 

succinate, 3-oxo-glutarate, citrate and pyruvate (the last only in the 

presence of 7»3 raM HCO-). The foroiation was not due to glycolysis.

ii) Rapid "turnover" of PKP occurred, as shown by net chemical

changes and by isotope incorporation data*
32 iii) Kinetic studies of the specific activities of added Pi, AfP

and TEP during synthesis of PEP fro» a-oxo-glutarate showed that PKP was 

not directly formed from Pi and suggested that ATP might be the donor.

iv) Pigeon-liver "cyclophorase" or mitochondria were very much more 

active than rat-liver preparations.

v) Anaerobically, only oxaloacetate gave rise to PEP in the presence 

of added ATP and fluoride, during short incubations.

vi) Under certain conditions the formation of PEP was reversible,



- 121 -

Tii) PEP synthesis from malote and oxaloacetate occurred in the 

absence of added ATP or lTPf even when the particles were washed to 

decrease endogenous nucleotides. Added AfP or ITP were rapidly hydrolysed

and inhibited PEP accumulation above rather low concentrations* The
32kinetics of Pi incorporation into phosphorylated compounds in the

presence of these substrates suggested that PEP was foraed without the 

intervention of ATP or ITP, but possibly via GTP. Bartley concluded that 

the transfer of ̂ P (fron its origin during substrate oxidation) to PIiP 

might proceed over different pathways depending on the concentration of 

oxaloacetate, with the implication that ADP and oxaloacetate competed for 

~F of GTP formed during oxidative phosphorylation. Although the question 

of the nucleotide specificity of oxidative phosphorylation is still not 

settled (see Klingenberg & Pfaff, 1966) it is generally believed that GTP 

can be synthesized in intact mitochondria only by the NuDiKi reaction and 

by substrate-level phosphorylatioa. Some aspects of these relationships 

have been studied (see below).

Bandurwki & Lipmann (1956) found that guinea-pig liver mitochondria 

synthesized PEP fron citrate, pyruvate and ct-oxo-g)utarate; fumarate, 

succinate and malate were less effective. They confirmed that only 

oxaloftcetrxte gave rise to PEP in the absence of O^. Mendicino & Utter 

(1962) studied the formation of PEP froia malate in chicken-liver mitochon­ 

dria. This was not linear with time, was independent of the particle 

concentration within certain limits, and was stimulated by low concentra­ 

tions of ATP. "Turnover" due to contaminant PK occurred.
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Nordlie & Lardy (1963,a) observed that i'U' synthesis in guinea- 

pig liver mitochondria was related to the rate of oc-oxo-glutarate 

oxidation, such that addition of DNP or of a glucose-nexokinase AfP-trap 

increased 02 uptake, Pi uptake and PEP formation. Malonate addition was 

inhibitory, while PEP synthesis vaa enhanced by malate. Hie conclusion 

vas reached that the biphasic effects of I>N'P were related to the interplay 

of various effects of the uncoupler on aitoehondrial metabolism, including 

the stimulation of respiration without loss of MP at low concentrations, 

and increasing stimulation of ATPase at higher concentrations* Variations 

in the oxaloacetate concentration were also considered to be important. 

The data appeared to support the earlier postulate of Aaxone & Eraster 

(I96l) that compafomentation of~P produced by substrate—level phosphoryl— 

ation rendered it unavailable to the 0NP-stirnulated ATPase or to the 

exogenous glucose-hexokinase trap.

This problen was re-examined by SchoHe & Tager (19&5) in rat- 

liver mitochondria oxidizing gltttaaate or a-oxo—glutarate in the absence 

of added Pi and in the presence and absence of DNPI It was shown that the 

depletion of endogenous Pi which gradually limits the rate of respiration 

in this system, was due to the formation of PEP* Proa the ratio of PEP 

stoleculee formed to the substrate molecules removed, they concluded that 

only 1 in 10 of the GTP molecules formed reacted with oxaloacetate, that 

the rest reacted with ADP to form ATP which was then hydrolysed » and that 

there was no real evidence for cosapartsrentatlon of the M* derived fro* 

substrate-level phoaphorylation. The weakness in this argument lay in the



- 123 -

•

fact that no attempt was mule to assess the activity of PK in the syatesi 

(see below), which was a potentially aerioua cause of error in the 

computation.

Papa et al.. (19^5) considered a possible role of PEPCK in the 

control of euccinate oxidation in rabbit-kidney mitochondria. Their data 

indicate that the effect of ATP in relieving; succinate oxidation inhibited 

by high intra-mitochondrial oxaloacctate concentrations, might be due to 

the removal of the inhibitor to form PEP. The re-activation was insensi­ 

tive to oligomycin and sensitive to atractyloside.

Lardy et al.• (1965) and :hrago & Lardy (1966) investigated the 

mechanisms of PEP synthesis in rat liver, using both washed mitochondria 

and high—speed supernatant fractions* Evidence was obtained to support 

the concept of a complex path of carbon from intra-mitochondrial pyruvute 

to extra-raitochondrial PEPt involving the transfer of oxaloacetate units 

out of the particles as the more readily-diffusible salate and aspartate. 

"Cytosol" enzymes were able to convert these metabolites rapidly to PEP,

and their activity was increased in alloxan diabetes. Haynes (1965)
Ik obtained evidence for a similar scheme in studies on CO^ incorporation

into rat-liver mitochondria. Henning et aK t (1966) have claimed that 

this complex transfer might be unnecessary in view of their finding of 

pyruvate carboxylase in the cytoplasm, in both rat liver and kidney cortex* 

It ia evident that in pigeon liver the problem is not one of oxaloacetate 

translocation into the cytoplasm, but of the movement of PEP. Diffusion 

of malftte could still be involved in lipogenesis from pyruvate and ataino



acids aa part of a trans-hydrogenation mechanism (Section B)«

Since the discovery of pyruvate carboxylaae by Utter & Keech (1963) 

a nonber of studies have appeared dealing with the regulation of the 

activity of this ensyme in intact tisauea or mitochondria. An activation 

due to increased concentrations of acetyl CoA appeared to be involved in 

the stimulation of glucose synthesis from lactate in rat kidney cortex
L

slices in the preaence of added acetoacetate (Kreba e& aJU» 1$&$ ). No 

such evidence has yet been obtained in liver preparations. According to 

Struck et aJU, (1965) the stimulation of gluconeogeneais from lactate 

caused by oleate in perfused rat liver was not associated with changes in 

the activity of pyruvate carboxylase on direct assay of tissue samplesf 

this does not exclude the possibility that activation by acetyl CoA had 

occurred reversibly in situ. Berry (1965) investigated the role of adenine 

nucleotides in the regulation of pyruvate carboxylase activity in intact 

rat liver cells and mitochondria* He showed that the reaction was 

sensitive to low ATP/ADP ratios, and that it was important in the mainten­ 

ance of oxaloacetate concentrations sufficiently high to prevent the 

formation of ketone bodies. Freodraan & Kohn (1964) demonstrated HFeed­ 

back1* inhibition of pyruvate carboxylase by malate and other intermediates 

of the tricurboxylic acid cycle.

3. General properties of r>igeon-liver mitochondria.

Pure washed mitochondria were used in most experiments for the 

following reasons!

i) Liver nuclei contain a number of glycolytic enzymes, including
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•nolase and a Idol use (Pounce, 1950), which would interfere with accurate 

Measurements of PEP formation*

ii) It was desirable to exclude the ATPase thought to be present in 

nuclei (Potter <£ al., v 1931).

ill) According to the data of ection C 9 there seeaed to be little 

or no PEPCK in nuclei, which meant that only Mitochondria were involved 

in PEP synthesis and its regulation*

The basic conditions for the incubation of mitochondria were 

established as follows: It was initially decided to ase 2 media, the 

first corresponding roughly to that of Hartley (195&) *nd the second to 

that of Stanbury A Mudge (1954) , including Pi and Uris* aa the principal 

buffers* respectively* When particles were incubated with pyruvate or 

aalate a id with added ATP, the yield of PEP was greater at higher PI 

concentrations. (Table 30)* This was not due to inhibition by 'tris 1 . 

Hal ate formation froa pyruv.i.o, substrate removal in either case, and the 

ATP/ADP ratios, were higher as the Pi concentration was increased*

When Mg" ions were omitted , net accumulation of PEP (and a small 

amount of 2- and 3-PGA) occurred, »nd was linear over 40 min. (Fig* ll).

In this experiment. 10 ,iHoloa of PEP were added at the start; in the
2+ presence of 2.5 «M Kg • there was a progressive loss of Fif2P t while there

2+ was no change during the incubation in the presence of 2.5 a& Ca . More
2+ >-PGA was formed when Mg was present, as would be expected on account

of the requirement of enolase for divalent aotal ions* (Note I in all

the studies reported here, 2- and 3-H5A were always measured in conjunction
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10 20 30 40

TIME (min.)

2+ 2+ Fj gt 13. Effect of Mg and Ca addition on PEP accumulation

from malate in pigeon-liver mitochondria.

Mitochondria were prepared as described in METHODS. They
/ ° were incubated (20 m«. dry wt./cup) at "H) in a medium containing

15 mM Pi IpH 7.*i't 2 rnM ADP, 2.5 mM PEP and isotonic KC1, with 

additions an indicated. At the times indicated, incubations 

vere terminated and the phosphurylated compounds measured in th« 

neutral extracts. • No added divalent ions; A .». 2.5 *M
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vith PEP). It was tentatively concluded that PK contamination (Table 18)

vas responsible for the failure of PEP to accumulate in the presence of

2+ Mg and ADP.

Added adenine nucleotides (ATP or ADP) were required for maximal
2+

accumulation of PEP from all substrates tested, The roles of added Mg ,

2+ Ca , Pi and adenine nucleotides vere examined in detail (see bo low). The

standard incubation medium for synthesis of PEP from malate, oxaloacetate, 

fumarate, succinate, a«-oxo-glutarate t glutamate and citrate contained 

15 »M Pi, 1 - 2 oM ADP, 10 - 15 «M substrate and isotonic KC1, all at pH 

7.4; in the case of all substrates excepting malate and oxaloacetate,
n,

0.625 uM Mg was included to increase the rate of oxidation, which was

otherwise very slow.

As found by Hartley (l95^»b) PEP was formed from pyruvate only 

when HCO" ioaa were also added; k - 8 JcaM were optimal, since at 25

the formation of PEP ws depressed, although the rate of oxidation 

was increased (Table 31)* HCO.~ had no effect on the synthesis of PEP 

froa malate. K ions were required for maximal activity, Na did not 

appear to be essential but was usually present. The formation of PEP 

froa malate was proportional to the concentration of mitochondria in the

range 10 - 40 og«/cup (Fig. 14 )• ?nis finding is in contrast to that of
2-f 

Mendicino - Utter (1962) who included 5 raM Mg in their incubation

mediuffl. Results with mitochondria frow livers of fed and starved pigeons 

vere qualitatively and quantitatively similar*

A number of functional properties of the mitochondria were



Table 31. Effect of bicarbonate concentration on the formation of PfcJP 

from pyruvate in pigeon-liver mitochondria.

Mitochondria (15 nig. dry wt./cup) were prepared *nd incubated for 
30 »in. at 30°. The raediura contained 15 aM Pi, p»I ?•*» * *** ATP and 
10 «M pyruvate. in all the cupa excepting No. 4, N'aOH wa» preaenfc in 
the centre wells.

HCO- concentration (u^i) i 01 k « 25j •
Metabolic changes 

(uMoles/cup)s

HEP ^ PGA +2.15 +3.75 +5.26 +5.%5 +3.26 

Pyruvate -6.92 -8.^0 -11.4 -I'u? -13.8



20

10 20 30 40

mg. t issue dry wt./cup

Fig, \ li. Effect of uiitochondrial concentration on 

from pyruvate.
synthesis

Conditions were exactly as described for Fig. 13 (no Mg or
24

Ca" ions were added). Incubation was for 25 min. at 30
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investigated in order to assess whether significant damage to membranes or 

multi-enzyme systems had occurred during preparation or incubation in the 

above aediat

i) Phase contrast microscopy shoved that the particles had the 

spherical appearance characteristic of mitochondria isolated in 0.25M 

sucrose (see Whittaker, 1966). In this sense they vere swollen mitochondria,

ii) The respiratory control ratio (Chance & Williams, 1936) was

determined in the high phosphate medium as above, but containing 1.23 mM
2+ Mg and no added ADP or AT P. The ratio of the rate of 02 uptake before

and after addition of 1 mM ADP was 5.6 in the case of citrate, 4.5 

(glutamate), 3*3 (a-oxo-glutarate), 3.3 (pyruvate + HCO«) and 2.5 (malate).

All substrates were at 10 mM« The same results vere obtained if the ADP
2* was added after 20 rain, of incubation, or if Mg was omitted.

iii) Addition of BNP (an uncoupler of oxidative phosphorylation - 

Lardy & Wellman, 1952) at 5 x lO'^M doubled the rate of respiration in 

the presence of pyruvate, malate or o-oxo-glutarate, and absence of ADP 

(see below).

iv) Oligorayein (an inhibitor of respiration coupled to oxidative 

phosphorylation - Lardy et al., 1958} Huijing & Slater, 1961) at low 

concentration* inhibited both respiration and subatrate removal (see below).

v) Evidence was obtained for an intact "atractyloside-aensitive 

barrier" in the mitochondria (see below).

vi) the "latency*1 of the mitochondrial enzymes, such as PEPCK and 

NuDiKi (see Sections C, K) suggests that the mitochondrial membranes vere
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not damaged during the fractionation and washing procedures.

Froa these studies it vas concluded that the mitochondria 

contained intact and veil-coupled electron transport and oxidative 

phosphorylation aystems. Since the formation of PEP is an "ATPase" 

activity, the lover respiratory control ratio in the presence of urn late 

is not unexpected* since this vas the best precursor of PEP of the 

substrates tested (Table 32). Much the same effects were obtained at Pi 

concentrations of 5 or 10 iaMf in the presence of 'tria' buffer* Addition 

of HTTA (0.1 - 0,5 oM) as a protective agent against swelling damage 

(Slater & Cleland, 1952) or of Q.5JS bovine serum albumen (Wojtcxak & 

Lehninger 9 1961) did not affect the metabolic activity; at high concentra­ 

tions (2 isM)f EDtA inhibited all parameters.

The distribution of malate aud PEP between medium and particles 

was tested by the simplest procedure available, viz. rapid centrifugation 

in the cold (2500g for 5 min.) at the end of an incubation with pyruvate 

as substrate. Both metabolites appeared to be quite evenly distributed, 

although the hypoxic period may have caused permeability barriers to 

break down, the absence of enolasc frora pure washed mitochondria suggests 

that HuP oust be the metabolite transferred during glueoneogenesis from 

the matrix space to the cytosol.

%. PEP synthesis frost malate and oxaloacetate,

These two substrates gave the highest rates of PEP accumulation

under •ptimal conditions of all substrates tested (Table 52). In the
2+ absence of added Mg , but presence of added AOP or ATP, between 60 and



Table 12. Formation of PKP from various substrates in pigeon-liver 
•itochondria under optinal conditions.

Mitochondria were prepared as in METHODS and incubated for 30 rain, 
at 30 in a medium containing 10 oN substrate aa indicated, 13 aH Pi, 
pH 7**» 1 «H ADP and (in the case of all substrates except malate and 
oxaloacetate), 0.625 «H Hf . Tissue dry wt. was 26 mg./cup.

No.

1.

2.

3.

4.

5.

6.

7. 

a.

tabstrate

Oxaloacetate

Malate

Fumarate

Sucoinate

-glutarate

Citrate

Pj'ruvate

Pyruvat* 4 4 «M HCO-

PEP formed (^Moles/cup)

20.2

20.7

16.7

7.69

6.95

5.71

7.38

12.8
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of the substrate removed was converted into PEP. This vas about a 

quarter of the maximal velocity of i'EPCK when assayed after sonication 

in the sane particles (direction of PEP synthesis). The 0^ uptake 

declined {>rogrea*ively during the incubation, but in the case of ma late 

it was at all tisies sufficient for the conversion of malate into oxalo- 

acetate before phouphorylation. The ATP/ADP ratio vaa high (about 5) even 

when large quantities of ADP vere added* iw&ll Uiiiouuts of citrate and 

ot-oxo-glutarate were foriaed. The amounts of endogenous aou-adenoaine 

tmcleotides vere so sisal 1 that no accurate measurements could be made. 

Omission of added adenine nucleotides decreased PEP formation by 33 - 

naxisml rates vere already obtained ut 1 ~ 2 raM added ADP or ATP, but 

higher concentrations (5 ^0 were not inhibitory (see Table 3**)*

Addition of Hg (2.5 ^) in a series of experiments decreased 

the accumulation of PEP fro^ malate in the presence of adenino nucleotides 

by 50 - S0^{ the 0^ uptake waa increased v a«i veil as the removal of aalate 

and the formation of citrate and i-oxo-glut-irate. The ATP/ADP ratio was
'-4

about 1, and significant quantities of AMP accumulated. Hg addition 

had little effect in the absence of added adenine nucleotides* The

oxaloacetate concentration vas increased 3 - 4 tiaes by the addition of
2* ATP or ADP, independent of the presence of Mg .

So»e of the effects described above are illustrated in the

experiment recorded in Table 33* The data suggest that coataainai* PK vas
2-f 

activated by the presence of added Mg aad by ADP, added as such or

foriaed froa ATP. The activity of H£ in the particles va£ sufficient to



Table yt. Effects of added ATP, ADP and Mg2* on the formation of PfcP 
from maluto in pigeon-liver mitochondria.

Mitochondria were prewired as described in METHODS, and vere 
incubated under air at 30 for 30 tain. The medium contained 15 nM Pi, 
pit 7»4, and additions a» indicated. Tissue dry vt. was 22 mg./cup.

No. 123*56

Additions (raM): 
Malate 
ATP 

A0P

Metabolic changes 
(^Moles/cup) J

°2 
Malate

Compounds found 
i

PEP * POA
Ozaloacetate
a-Oxo— gl utarate
Citrate
AT?

ADP

AMP

15

-8.4

-20.6

11.6
0.13
1.12
1.36
0.15
0.12
0.01

15
1.25

-13.0
-25.2

17.7
0.54
1.38
1.51
4.27
0.77
0.04

13

1.25

-10.4
-22.6

14.8
0.39
1.68
1.59
3.78
0.65
0.03

15

2.5

-8.6
-21.0

11.8
0.09
0.99
1.19
0.06
0.10
0.01

15
1.25

2.5

-22.0
-30.1

9.2
O.Mt
3.53
3.69
1.99
1.51
0.67

15

1.25
2.5

-18.1
-29.4

8.2
0.47
3.50
4.04
1.53
1.6?
0.64
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account for the difference observed (Section D). However, the failure

2+ of the mitochondria to maintain ATP in the presence of Mg 9 ADP and

malate (in agreement with Hartley, 1955) cannot be explained on this 

basis, since no net loss of^P occurs in the sequence of reactions! 

oxaloacetate -» PEP-» pyruvate. Freshly-prepared liver mitochondria are 

thought to contain little Mg2+-activated ATPase (Kiel ley & Kiel ley, 1953)

but the simplest explanation of the data is that the fall in ATP was due
2+ 

to the combined action of Mg -activated adenylate kinase and ATPase, both

outside the inner mitochondria} membrane (Klingenberg £ Pfaff, 1966). 

The experiments do not indicate whether the fall in "phosphorylation
*

potential" decreased the rate of synthesis of PEP.
•

The results with oxaloacetate as substrate were very similar* 

In both cases the C' uptake was low, presumably because of the absence of 

effective precursors of acetyl CoA for citrate formation. Since efforts 

to use fatty acids for this purpose failed (see below), pyruvate was added 

with raalate to saturate the tricarboxylic acid cycle. The results of 

an experiment, broadly corresponding to that described in liable 33* but

involving the addition of both pyruvate and walate or oxaloacetate, are
2+ 

recorded in Table 34. This shows the marked effect of Mg in reducing

both the ATP/AOP ratio, especially at high ADP concentrations, and the

accumulation of Pi«P. Pyruvate addition thus did not ameliorate the

2+ failure of malate and oxaloacetate to maintain ATP in the presence of Mg

ions. The data show that more citrate and ot-oxo-glutarate was formed in 

the presence of a depressed "phosphorylation potential" or ATP level; the
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exception (cup 4) raay have been due to the occurrence of high ADP 

concentrations during part of the incubation, before the 20 .Moles of 

ADP could be phoaphorylated. These findings support the postulate of 

Hathaway & Atkinaon (1965) and Shepherd & Garland (1966) that high ATP/ADP 

ratioa nay inhibit the activity of citrate synthase, since the oxalo- 

acetate concentrations were in the same range in both series.

An experiment designed to demonstrate whether the non-accumulation

2+ of PEP in the presence of Mg was due entirely to PK activity or also to

inhibition of synthesis via PKPCK, is recorded in Table 35. Lov concentra-

2-+1 / \ f*4
tions of Ca ions (0»5 raM) simulated the effects of Mg with respect to 

the stimulation of 0 uptake , increased removal of added substrates,

inhibition of P£P accumulation and interference with the maintenance of

2+ 
ATP. Although thia concentration of Ca does not inhibit PK to a

significant degree (Kachraar & Boyer, 1953) t the absence of Mg is

markedly inhibitory. WC was assayed in the particle suspension in the

2+ absence of added Mg and no activity wits found* tinder these conditions

it nay be concluded that the fall in "phosphorylatioti potential" was

responsible for the inhibition of PEP formation, and for the increased
2 

synthesis of citrate and i-oxo-glutarate. In the presence of Mg both

oechanistas operate simultaneously. Higher concentrations of Ca grossly 

inhibited all parameters Measured.

At 4 x 10""^M f DNP inhibited PEP formation from aalate and
2-f 

oxaloacetate in the absence of Mg (Table 36, cups 1 - '*}. This was

aeeonpanied by a fall in ATP and an increase in the format ion of citrate.



Table 55. Effects of Ca2"1" and Mg2* ions on the formation of PIP frosi 

pyrtnrate 4- Malate in pigeon-liver mitochondria*

Conditions were exactly as described for Table 13* Tissue dry vt. 
was 24.6 rag./cup.

No.

Additions (oM):

12 5

c.2+

Coapounds found 
(l_tMole»/cup) 8

PLP 4
Oxaloacetate
Citrate

ATP 
ADP 

AMP

Metabolic changes 
(fiMo lea/cup) :

Pyrmrate 
Malate

10
10

11.8
0,04
1.28
1.33
0.04
0.08
0,01

-4.2

-16.1
-6.1

10
10

2

24.7
0.18
1.08
1.24
7.06
0.74
0.03

-11.5
-22.9
-9.65

10
10

2.5

9.1
0.12
1.42
1.12
0.08

o.o?
0*03

-5.7
-16.0
-5.95

10
10
2
2.5

7.4
0.31
8.00

8.59
5.22
1.84
0.48

-35.4
-21.0
-28.0

10
10

0.5

10.4
g

0.10
1.21
1.00

0.06
0.06
O.Ul

-4.6

-14.8
-6.3

10
10
a

0.5

11.4
0.24
5.82
4.39
4.95
1.32
0.58

-20.1

-19.5
-20.0



Table y>. Effects of 0NP and Oligooycin on PEP formation from malate 

and oxaloacetate in pigeon-liver mitochondria.

Mitochondria were prepared and incubated for 30 tain, exactly aa 
described for Table 34. Tiaeue dry wt. vaa 18 mg./eup.

Additions (mM)t

Malate 15 15 15

Oxaloacetate 15 15 15

TMP 0.04 0.04

Oligomycin (^g.) 5 5

ADP 1.25 1.25 1.25 1.25 1.25 1.25

Compounds formed 
(^Moles/cup) i

PEP 4- PGA

Gxaloaaetate

Citrate

a-Oxo-glutarate

AfP

ADP

AMP

Metabolic changes 
(^Moles/cup) i

Malate

°2

U.8
0.60
1.12
1.68

3.78
0.65
0.03

-24.6
-9.4

4.51
0.37
3.36
4.32
1.40
2.65
0.38

-28.7
-16.5

19.0

2.00
1.15
3.97
0.54
0.06

+5.1
-5.7

3.72

4.16
5.25
1.25
3.04
0.50

+3.9
-10.8

1.85

0.39
0.92
1.12
0.04

0.54

3.36

-13.9
-4.6

1.90

1.40

0.96
0.08
0.74

3.20

+5.4
-3.1
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Oligoaycin (0,3 ng./»g« mitochondria! dry wt.) was also very inhibitory 

(cup* 5-6) but in this case the 0 uptake and substrate removal were
M

diminished. The same effects were obtained at oligornycin concentrations 

as low as 0.1

Frost these experiments it was concluded that PLP synthesis in 

intact mitochondria is sensitive to regulation by the "phoaphorylation 

potential** of the aitochondrial adenine nucleotides, such that high 

ATP/ADP ratios favour PU* formation while at the saiae time inhibiting 

citrate formation and enhancing the activity of pyruvute carboxylase 

(see below). It was decided to examine more closely the functional 

localization of PtvPCK in relation to its energy supply.

Atractyloside is an inhibitor of mitochondria! reactions involving 

added or "unbound' adenine nucleotides, arid its action may be that of an 

inhibitort competitive with adenine nucleotides, of a specific "translocase1 

catalysing the exchange of "bound" and exogenous adenine nucleotides 

(see DISCUSSION). This adenine nucleotide-specific enzyme may constitute 

the site of reaction between the extra- and intpa-mitochondria! pools of 

nacleotides in the intact cell, since guanosiae nucleotides arc not able 

to exchange in this manner in intact mitochondria (Klingenberg £ Pfaff, 

1966). Experiments were carried out with atractyloside (100 ^H, in the 

presence of 1? - 1? mg. dry wt* of particles) to define the location of 

PSPCK and Nu'iKi in relation to this MtranBloca»en (Table 37). Qxalo- 

acetate was used as substrate in order to saturate PKFCK with this
(^Ijicikfe

substrate (no diffusion barriers to oxaloacetate appeared to exist).



Table }7« Effects of atractyloaide on PEP synthesis froa oxaloacetate 

in pigoon-liver aitochondria.

Mitochondria were prepared and incubated for 10 ain. under air, at 
20.5 » as described in MOTODS. The medium contained 13 mM Pi, pH 7.4, 
and 10 raM oxaloacetate. The concentrations of additions were as foilova: 
ATP, 1.5 flW; GTP, 0.% oMj KCN, 5 nHf Oligomycin, 10 ^./cupj atractyloeide, 
100 ,juM. Tissue dry wt. was 17 ag./cup.

No. Addition

2.

3.

4.

5.

6.

7.

8.

9.

10.
11.
12.

none

JITP

Atractyloside

ATP + atractyloaide

KCN

KCN * ATP

KCN * ATP 4- atractyloaide

Oligoraycin

Oligoraycin ^ ATP

Oli&o«ycin •»• ATP -»• atractyloside

GTP

OTP * atractyloside

PEP 4- PGA formed
(^Moles/cup)

2.52

3.35

2.42

2.47 

0.11 

0.92 

0.12 

0.50 

1.58 

0.12 

2.36 

2.U
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The stimulation of PEP formation by added ATP was eliminated by atractyl-
*

oside (caps 2 and k) , which did not affect the ATP-Se pen dent phosphorylat-
A

ion (cups 1 and 3). PEP synthesis vas totally prevented when k mM KCN vas 

added to suppress endogenous ATP synthesis; atractyloaide again eliminated 

the PEP formation that occurred in the presence of KCN + ATP (cups 5t 6 

and ?)• The sane result wa« obtained when oligomycin was added, both to 

prevent endogenous ATP synthesis and to inhibit the hydrolysis of added 

ATP (cups 8 t 9 and 10). Added GTP or IfP did not affect the rate of PEP 

formation, nor was there an effect of atractylosfde (cups 11 and 12)• 

PEPGK and NuPiKi both appear to be located within the atractyloside- 

•ensitive barrier; this is confirmed by the fact that no added metal ions

were required for PEP synthesis in .situ, whereas the aolubilized PEPCK has

2+ 2+ an absolute requirement for Mn or Mg • Endogenous "bound" metals are

presumably involved (Klingenberg & Pfaff, 1966).

The inhibition of PEP synthesis from malate by oligomyein (Table 36) 

shows that high-energy intermediates of oxidative phosphorylation cannot

be used to energize the formation of PEP* From this, and from the effects
o 

of DNP and of added adenine nucleotides in the absence of Mg , it may

be concluded that the immediate energy donor for PEP synthesis from 

malate and oxaloacetate was ATP, derived either from oxidative phosphoryl- 

ation of endogenous or added A0P, or from added ATP itself. The rate of 

aubatrate-level phosphorylation during the standard incubations, when the 

great bulk of substrate waa converted into PKP and a-oxo-glutarate 

formation was very limited, could not have been sufficient to supply the
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required. This suggests that the results of Bartley (1933) with
•50 

regard to tb*» kinetics of incorporation of Pi into AtP and PLP during

'•• 1' fonmtion from aalate a»y have been influenced by compartment at ion of

32 adenine nncleotide pools, although this would not explain why the Pi

incorporation pattern was different during PUP formation from oi-oxo— 

glutarate (Bartley, 19>4). It i» possible that the difference in the true 

net rates of synthesis front the two substrates nay account for the 

discrepancy; another possibility is that hitherto undiscovered subtleties 

way exist in the nucleotide specificity of certain reactions of oxidative
11

phosphorylation (see Lowjjetr.al», 19&3)«

Oxamate (6 nM) did not inhibit PUP formation from milate or 

oxaloacetate, in agreement with 3mitK)ft ^* liuth (1963) • L-tryptophan also 

had no effect (*ee foster et al. t 1966).

Since PkP synthesis from taalate and oxaioacetate could thus occur, 

using GTP supplied via the action of NuDiKi, the question arose whether 

this was the obligatory pathway of phosphoryl transfer. This is the 

obverse of the view held by Asszone £* Ernster (196&) and Mordlie & Lardy 

(1963,a) relating to possible compartraentation of energy transfer between 

succinic thiokinase and TKVCK in rat and guinea-pig liver mitochondria, 

respectively. PEP synthesis frota a-oxo-»glutarate was accordingly examined, 

in the presence and absence of oxaloacetate or

5, q-Oxo-jrlutarate aa precursor of PLP in .pi^eon^liver mitochondria.

The oxidation of a-oxo-ghitarate (!) uW) was relatively slow 

(compared with that of pyruvate) in a phosphate medium containing 1.25
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ADP and 0*5 mH or no Mg2* ioms. It was doubled by the addition of 

5 - 10 x 10""%! DNP (Table 38), with a fall in ATP and an increase in the 

concentrations of both nut late and oxaloacetate« PEP formation was 

decreased. *vp synthesized during the stimulated oxidation of oc-oxo- 

glutarate in the presence of DKP was thus available to the DMP-activated 

ATPase via the NuDiKi reaction* hen ADP was omitted, as in the experiments 

of Stanbury & Madge (l954) f the rates were lower 9 but a biphasic pattern 

became discernible. This difference may be explained in terms of competi­ 

tion between added ADP and oxaloacetate for GTP. When ma late was incubated 

with Jt-oxo-glutarate and ADP* in the presence of increasing concentrations 

of DNP, such that a-oxo-glutarate oxidation was increased, there was only 

a slight stimulation of PEP formation over that in the presence of ma late 

alone (Table 39)*

These results suggest that no functional relationship between the 

substrate-level phosphorylation and PEPCK exists in pigeon-liver mitochond­ 

ria, and that the nucleotides are able freely to interact in the mitochond­ 

ria! matrix. According to Klingenberg (196*)r the oxidative phosphorylation 

system in intact mitochondria is in a state of dynamic equilibrium, such 

that the true measure of the "energy status", and the determinant of the 

respiratory rate, is not the absolute concentration of ATP but the 

"phoaphorylation potential" or [ATPJ /[ADPJ x [Pij. This may well explain 

the effect of Pi on the formation of PEP from malate and pyruvate, since 

increasing the Pi concentration would tend to be associated with increasing 

ATP/ADP ratios. Reference to Table 30 shows that this was in fact the
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case, although the causal relationship is not obligatory*

It is difficult to reconcile this view of the integrated control 

of PEP synthesis by nucleotides, with the results of Nordlie & Lardy (19<>3f*) 

where IK? or a glucoae-hexokinase trap (both agenta likely to depress the 

ATP/ADP ratio) increased the formation of PEP from a-oxo-glutarate in 

guinea-pig liver mitochondria in the absence of added adenine nucleotides. 

This implies either that conipartmentation of nucleotides occurred or that 

there nay have been disequilibrium in the NuDiKi system under these 

conditions. The latter could have been due to inhibition of NuDiKi by 

ADP (see Section E) but this would require that addition of adenine 

nucleotides should exaggerate the effect. This was not BO (Table 38)• 

Unfortunately, these authors did not supply details of the substrate 

balance in their experiments, which would have permitted calculation of 

what proportion of GTP molecules was used for PEP formation. As previously

mentioned, such calculations fail to take into account the turnover of
2+P] P in the presence of added Mg ions. It is thus possible that species

differences account for these discrepancies. M.B. Wilson (personal 

eosvunication) has observed a 5 - 7-fold increase in PEP synthesis from 

citrate or a-oxo-glutarate in guinea-pig liver laitoehondria when uncoupling 

concentrations of palaiitate (0.75 «*0 were added.

6* PEP synthesis from pyruvute in i/i^eon-liver mitochondria^

In the presence of 20 oM Pi t 4 mH HCO. and 0.5 n« ATP, and in the 

absence of Mg f PEP was formed from pyruvate at rates about half of those 

attained in the preaence of malate (Table 40). About 50Jfe of pyruvate
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removed was converted into PEP. The rate was halved in the absence of

added ATP t an was the 02 uptake, the malate and oxaloacetate concentration

2* 
and the rate of substrate removal. Addition of 2.5 mM Mg Markedly

inhibited PEP formation, especially at higher ADP concentrations. Th« 

level of oxaloacetate was not changed. There was a significant fall in

ill* ATP/ADP ratio. The effects were similar to those of Table 33t where
-5 2+v 

malate was the substrate. 5 x 10 M IMP (in the absence of Mg }

increased the 02 uptake and the rate of pyruvate removal, but completely

prevented the accumulation of PEP whether adenine nucleotides were added

2+ 
or not. The effect of WP differed from that of Mg in that the

formation of malate was inhibited - this was correlated with much lower 

ATP concentrations.

When pyruvate was incubated with increasing concentrations of 

DNP, the synthesis of PEP was more readily affected than that of malate 

(Fig. 15). The data indicate that PfcPCK is more sensitive than pyruvate 

carboxylase to a fall in the "phosphorylation potential". According to 

Keech & Utter (1963)» an ADP/ATP ratio of 10 inhibits pure pyruvate 

carboxylaae by only *»6jt. Despite the evidence of control by ADP advanced 

by Berry (1965) for rat liver »itochondriat the twin role of pyruvate 

carboxylase in both the anabolic and catabolic snetuboJisni of pyruvate may 

demand that it be less sensitive to shut-down i« times of energy deficiency 

than PE1PCK, a purely anabolic enzyme.

Addition of BflP together with pyruvate in the presence and absence 

of a-oxo-glutarate gave the same result as that shown for malate in
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Fig 15» Effect of DVP concentration on metabolism of pyruvate 

in pigeon-liver mitochondria.

Mitochondria were prepared and incubated under 0 for ^0 nin. 
at V)°, as described in METHODS. The medium contained 15 mM Pi, 
pH 7.k, ^ "M HCO , 1.25 mM ADP and 10 mM pyruvate. Tissue dry wt. 
was 2k mg. rup. L>—° Pyruvate removal; A——A 0 uptake (both in 
^Moles 'cup> ; •—• TF.P 4 PGA, •—• ATP, O—O MalSte (all in 
c u p >.
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Table 39 - there wa» no stimulation of PKP formation at increased rates 

of ot~oxo~3lutarate oxidation. In agreement with 3«ub*rt A Httth (l9<>5)t 

oxamate was an inhibitor of pyruvate carboxylation - both oalate and PEP 

formation were decreased by 75J& at 6 mtf oxamate.

The results of experiments designed to test whether pymvate 

earboxylase vas vithin the "atractyloside-sensitive barrier" were not as 

clear-cut (Table 41) as those carried out with oxal o.icetate as substrate. 

51 and M% of the increased isalate and HP formation due to ATP addition 

in the presence of pyruvate was removed by 0.0625 and 0.123 «M atractylo- 

side, respectively. This suggests that pyruvate carboxylase vas indeed 

inside the "barrier1*, but that a proportion of the added ATP was being 

translocated in competition with the inhibitor. The apparent K of

pyruvate carboxylase for ATP is about 30 ^M (Keech & Utter, 1963)9 while 

that of NnDiKi i* an order of Magnitude higher (see Section K). This 

difference nay account for the failure of atractyloside to inhibit ATP 

entry completely in the case of pyruvate carboxylaae. (Thie argument 

assumes that pyruvate carboxylase rather than PEPCK was limiting for PKP 

synthesis from pyruvate under the standard conditions - see below). The 

effects of oligoraycin were in accord with these conclusions. Added GDP 

or (rTP (both 0.4 eft) had no effect on mitochondria! metabolism, but were 

hydrolyaed slowly during the incubation, euch that only half of the 

original form was loft after 30 min.



Table U.. Effects of atractyloside, ATP, GTPf OOP and Oligomycin on PEP 

synthesis from pyruvate in pigeon-liver mitochondria.

Mitochondria were prepared and incubated at 20 for 20 min. under 
air, as described in METHODS. The medium contained 15 raM Pi, pH ?•*» 
4 uM HCO and 10 uW pyruvate. Tissue dry wt. was 21 rag./cup. The 
concentrations of added reagents were: ATP, 1.4 mMj GTP, 0.4 iriM; 
GDP, 0.4 mM; oligomycin, 10 ^g./cup; atractyloside, (as indicated).

No. Additions Pi^P formed

(^Moles/cup)

1. None 2.73

2. ATP 5.26

3. Atractyloside (62.5 uM) 2.39

4. ATP * atractyioside (62,5 |^M) 3.97

5. ATP + atractyloside (125 ^) 3.64

6. Oligoraycin 0.11

7. ATP + oligomycin 0.95

8. ATP + oligomycin + atraetylo«id«
(123 fiM) 0.28

9. GTP 2.59 

10. GDP 2.60
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?• The role of the oxaloacetate concentration in the regulation of

PEP

It was not possible to study the distribution of oxaloaeetate 

during the incubations because of the low concentration present* Assuming 

that it was evenly distributed between medium and mitochondria* the ratios 

of malate/oxaloacetate varied between 20 t 1 and 2 I 1 (when these

•••pounds were not added as substrates) e.g. Table 40* The oxaloaeetate 

concentrations were highest when ma late was the substrate (Tables 33 &nd 

34), and were lower in the presence of pyruvate (Table 40) , pyruvate +

•a late (Table 34) or a-oxo-glutwrate (Table 38). Thi» correlates with 

the ability of these compounds to form PEP (Table 32) and suggests that 

the limiting factor in the rate of PEP synthesis from these substrates was 

their ability to maintain the oxaloaeetate concentration in the face of 

rapid P£PCK activity. This would support the conclusion (Chap, l) that

nyruvate carboxylase is rate-limiting for PEP (and carbohydrate) synthesis 
from pyruvate

A in pigeon-liver homogenates. The formation of oxaloaeetate from a-oxo-

glutarate was enhanced by addition of 9NP, but the unfavourable nucleotide 

ratios prevented the synthesis of PEP (Table 38). This applies also to

the effects of adenine nucleotide addition, which resulted in an increase
2+ 

in the oxaloaeetate concentration independent of the presence of Mg

(Tables 33, 34 and 40), but which was associated with increased PEP 

synthesis only when the ATP/ADP ratios were high. An explanation for 

the effects of AMP addition in pigeon-liver homogenates (Chap* 3» Section 

C) is also afforded. Here there was no inhibition of pyruvate cnrboxylase,
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• inee malate formation was increased, but PEP synthesis was inhibited 

because of the high concentration of ADP.

Succinate (10 mN) was added to mitochondria in an experiment 

designed to teat whether, under conditions where a favourable energy 

status might be expected, the synthesis of F'lP would be affected by a 

fall in the oxaloacetate concentration. This was based on the known effects 

of succinate oxidation on intra-aitochondrial NADII (Krebs e>t a^. f (1961). 

Succinate addition decreased the oxaloaeotate concentration by 30Jt in both 

cases, and PKP formation was diminished, although to a lesser extont 

(?ablc 42). This confirms the conclusion that the oxaloacetate concentra­ 

tion was a regulatory factor for PEPCK activity in situ, even if no 

estimate can be made of the effective concentration of the substrate at 

the site of the enzyme (see DISCUSSION).

8, Fatty acid oxidation in pigeon-liver mitochondria*

Surprisingly, butyrute, octano-,te and oleate (3, 0.4 and 0.1 mM 

respectively) were not oxidised by these mitochondria, despite the 

following additions, singly or in combinations

i) 0,5^ Bovine serum albumen (Bode & Klingenberg, 1965)I

ii) 1 mM D,L-carnitincf;arland et al., 19&5) I

iii) 1 - 2 mH ATP (Kennedy & Lehninger, 1949}t

iv) 0.5 - 2 mM EDTA (van den ftergh, 1966)}

v)0.3 - 2 mM malate (Kennedy A Lehninger, 19^9). 

This conclusion was based on the non-appearance of ketone bodies and the



Table 42. Effect of succinate addition on PEP synthesis from malate and 

a— oxo-glutarate in pigeon-liver mitochondria.

Mitochondria were prepared and incubated at 30 for 30 rain, under 
air, as described in METHODS. The ^edium contained 15 nM Pi, pH 7.4, 
1 mM ADP, * «M HCO and 0.625 «M Hg~ . Tissue dry wt. was 19 mg./cup.

12345

Additions (mM) :

Malate 10 10

a-Oxo-glutarate 10 10

Succinate 10 10 10

Compounds found 
(jjiMoles/cup) J

PEP + POA 14.4 10.4 6.22 4.55 8.91

Oxaloacetate 0.18 0.08 0.22 0.11 0,09

Malate 21.3 42.4 1.37 25.5 24.6
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failure of the fatty acids to stimulate the 0^ uptake. Reduction of the 

Pi concentration (tested in case activation of fatty acids in pigeon-liver 

Mitochondria proceeded exclusively over the ri~»eiiaitive GTP-1inked 

enxyme of fiosai £ (Ubson (1964)) was without effect. Butyrate was, 

however, oxidised in pigeon-liver hoatogenatea and slices (unpublished work), 

and it was concluded that the activating enzytoes were all in the cytoplasm 

or that they were sensitive to the procedures employed. The subject wa* 

not further investigated.
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DISCT38SION

It may be concluded from these studies that the mitochondria, 

which contain PTPCK, are the site of PKP formation in pigeon liver. They 

also contain pyruvate carboxylaee, the enzyme converting pyruvate (and all 

its precursors) into oxaloacetate. Two enzyme systems forming GIT, 

NuDiRi and the a-oxo-glutarate oxidase system, are also present* The 

complement of these enzymes is constant during starvation and refceding.

The control of the net rate of PEP synthesis depends on the 

regulation both of the reactions forming this metabolite, and of those 

reaoving it in the cytoplasm* The regulatory mechanism appear to be as 

follows I

i) The conversion of oxaloacetate into PEP is controlled in part by 

the "phosphorylation potential" of the raitochondrial adenine nucleotides* 

It is most likely that this effect is exerted indirectly via the equilib­ 

ria* reaction catalysed by NuDiKi, through an effect on the ratio GTP/GDP. 

Seholc ft Ditcher (1966) have shown that the overall tissue GTP/GDP ratio 

in perfused rat liver follows the ATP/ADP ratio very closely during an 

aerobic to anaerobic transition. The nucleotides react freely with each 

other in the matrix space of the mitochondria and there appears to be no 

•pecial relationship of prPCK to the substrate-level phosphorylation. 

The GTP/GDP ratio probably influences the activity of PEPCK by variations 

in the degree of substrate saturation (GTP) and competitive inhibition 

(GDP) (see Section C).
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A second possibility ia that NutUKi may be inhibited by ADP when 

the concentration of the latter riaea relative to that of the other 

substrates, due to the formation of an "abortive complex" (bection £)• 

Because of the high activity of the enzyme in pigeon-liver mitochondria, 

and because of the fact that a similar effect of the "phoaphorylation 

potential" of the adenitie nucleotides was iound when a-oxo-glutarate vaa 

the precursor in the presence of DNP (inhibition of MuDiKi under these 

circumstances would favour PEP formation by conserving GTP), this 

explanation ia not favoured*

A third possibility ia that energy ia required for the maintenance 

of functional mitochondria! compartment a, such that the movements of 

oxaloacetate are controlled (see T&ger, 1966). ibis concept has arisen 

because of the need for energy (in the form of ATP or high energy inter­ 

mediates of oxidative phosphorylation) for the transfer of reducing 

equivalents from malate to oc-oxo-glutarate + NEL in rat-liver mitochondria 

(Tager, 1963)* This effect is exerted on malate oxidation rather than on 

traushydrogeaation of NADH to NAP PH. The relief of oxaloacetate-inhibite4 

auccinate oxidation by ATP under conditions when the measured overall 

oxaloacetate concentration does not change (Schollmeyer & Klingenberg, 

1961), was also considered to involve an ATP-linked tra .^location of 

oxaloacetate from the site of succirutte dehydrogenase. Thus it is possibli 

that energy is also required to "translocate** oxaloacetate to the site of 

PEPCK, and to increase the rate of aalate oxidation, since oxaloacetate 

ia a potent inhibitor of mitochondrial malate dehydrogenaae (Siege! It
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Englard, I960). However, explanation of the results obtained in the 

prevent work does not require an assumption of oxaloacetate compartraen- 

tatioo in the mitochondria.

The oxaloacetate concentration appeared to be directly related to 

the rate of PEP synthesis, excepting when the ATP/ADP ratio was unfavour­ 

able. It is evident frora the effects of auccinate addition (Table 42) 

and from the effects of high concentrations of 0NP in the presence of 

ot-oxo-glutarate (Ta&le 38) that the intra-mitochondrial MADH concentration 

affects the steady-state oxaloacetate concentration. Another factor raay 

b« the activity of citrate syntbase, although this is not supported by 

the data of Table 35$ where the oxaloacetate concentration was not decreased 

when "de—inhibition" of citrate aynthase had occurred.

Seubert & Hutb (196?) have proposed that variations in cytoplaaaic 

oxaloacetate concentrations could regulate the activity of PEPCK in rat 

liver; in a subsequent paper (Henning ert al«, 1966) this concept was 

withdrawn in favour of emphasis on the amount of PFPCK in the cytoplasm, 

which permits "accelerated ^luconeogenesis even at lowered oxaloacetate 

levels" such as occur In diabetic rat liver (Wieland & Loffler, 1963)• 

The role of nucleotides in the control of PEP synthesis in rat liver has 

not yet been Investigated,

ii) The conversion of pyruvate into oxaloacetate, catalysed by 

pyruvate carboxylaae, is also controlled, but to a less refined degree, 

by the "pbosphorylation potential** of the adenine nucleotides, due to 

inhibition of the enzyme when the ADP concentration rises. It is likely
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that variations in the mitochondria! levels of ucetyl CoA, CoA and \AIJH

•ay also regulate the activity of pyruvate carboxylase, both directly and
n ^. r, -D -••--•• -•«.'->•

by effects on pyruvate dahydrogenaae (Nicholls & Garland, in the press), 

although no evidence for this has been obtained in the studies reported 

here*

According to Shepherd ft Garland (I966} t the oxidation of fatty 

acids in rat-liver mitochondria ia accompanied by inhibition of citrate

•ynthaae thought to be due to an increase in the ATP/ADP ratio. The 

locus of the inhibition is the "allosterie" effect of ATP on this ensyae 

(Hathaway & Atkinson, 1965). The concentration of acetyl CoA is increased 

duriug fatty acid oxidation (Tubbs & Garland, 1964; Garland et al., 1965). 

This combination of factors would favour pyruvate carboxylation at the 

expense of pyruvate oxidation; it would also inhibit the formation of 

citrate (which removes oxaloaeetate ia competition with PKPCK) and would 

promote PEP synthesis by the effects previously outlined* Although such

• theory involves extrapolation from one species to another, it does 

furnish a reasonable explanation for the association of increased 

gluconeogeneaia and ketogenesis which is seen in such states as diabetes 

and starvation (see also Chap, 3 - DISCUSSION). In the perfused rat liver, 

Ijtton ft Park (1966) have ahown that C-lactate is converted quantitatively 

to glucose in the presence of a high rate of respiration; this slight 

imply that pyruvate oxidation is completely suppressed in the mitochondria 

under these conditions, although the data can also be interpreted to 

support the extra-mitochondria! operation of both pyruvate carboxylase



in rat liver (Uenning et al. f 1966). 

iii) The activity of PK in an important determinant of the net rate 

•f PEP synthesis in isolated mitochondria and presumably also in the 

intact cell. Since cyclical activity of the pathwayi

Pyruvate -^"^ ^^4 Oxaloacetate
/

GTP <—— ATP 
PKP

constitutes an energy-waiting "futile cycle" of the type described in 

Chap. 3, mecbunissM are required by which the activity of PK can be 

controlled in the circumstances where rapid gluconeogeneais frora oxalo- 

acetate is occurring. In pigeon liver this is not achieved by variations 

in the overall activity of IK (e.g. Krebs ft Eggleston, 1965 - although 

even in this case (rat liver) the total activity of PK always exceeds that 

of PKPCK). Other mechanisms were looked for (Section D) but no satisfact­ 

ory proposal can yet be made. The inhibitory effect of ATP and the 

requirement for ADP would be in line with the general thesis that a high 

ATP/ADP ratio favours gluconeogenesis in a co-ordinate way. The
2+ distribution of Ca and Mg ions may have a bearing on the control of

*>•*• 
PK activity; movements of Ca~ , for instance, could have reciprocal effects

on intra-witochondrial pyruvate carboxylase (Utter & Keech, 1^63) and 

extra-mitochondria! PK. Siebert «nb ajk, (1965) have analysed in detail 

SOBM of the factors controlling PX activity in intact kidney tissue.

It would thus appear that the ATP/ADP ratio, both in the mitochond-



- 14? -

rial and cytoplasmie compartments, is a very important determinant of 

the rate of carbohydrate synthesis, although part of its effect la due to 

AMPt related to the other adenosine polyphosphates oy the action of 

adenylate kinase. The control by ATP expresses itself in a number of way*;:

a) Inhibition of citrate ayothase, closing off a major "leak" from 

the raitochondrial pool of oxaloacetate;

b) "De-inhibition" of pyruvate carboxylase; 

e) Enhancement of PEP synthesis as described above} 

d) Inhibition of PK, preventing a "leak" at the level of PKPj 

•) Enhancement of the net conversion of FDP into fructose 6-Pf (see 

Chap. 3)I

f) Promotion of glycogen synthesis by an effect on the UTP/IJDP ratio 

(see Chap. 1).

All these effects nay be regarded as the manifestations at the 

eneymatic level of the energy requirement of anaboliam, and are certainly 

examples of "primitive 1* or inherent control mechanisms of liver cells, 

although they nay have much wider significance ior the physiological 

control of glycolyais and gluconeogenesis in the liver* They bear a 

remarkable similarity to the properties of reconstituted enzyme system 

reported by Mendicino & Utter (1962).

The major difficulty in this view of hepatic carbohydrate 

••tabolism is the occurrence of a "switch-over" of principal storage 

product from glycogen to triglyceride, which occurs at a certain stag* 

during carbohydrate feeding. This implies that the ATP/ADP ratio must
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b« depressed in order to permit reversal of many of the reactions previously 

favoured by the high energy status and the low AMP concentrations. No 

auch difference** have yet been observed in studies of the adenine 

uucleotide content of rat liver under various conditions (Soling et a_l,. « 

1966; Underwood, l')65)« In fact, rapid gluconeogenoaii* from lactate in 

the perfused iiver is accompanied by a fall in the steady-state ATP/APP 

ratio (Hems, Rosa, Ber.y it Rreba, in the preao), while Honorst ct al.• 

(1964) found that the ATP/ADP ratio was ouch depressed in alloxan-diabetic 

rat livers. Under these conditions, it might be argued that mechanism 

other than those lifted above are responsible for the increased glucoueo- 

geueaia observed, such that the supply of ATP might be limiting for 

gluconeogeawaia. However, imposing an additional stress on the liver 

(urea synthesis) does not diminish the rate of carbohydrate synthesis froa 

lactato (Hems, floss, Berry & Krebs, in the press).

The corapartmentation of adenine nucleotides in the cell, 

At this point it may be profitable to discuss current concepts 

on the intracellular eoatmrtmentation oi nucleotides. It has been known 

for some time that washed isolated mitochondria contain "bound" adenine 

and other nucleotides. Recently Heldt & Klingenberg (19^5) have demonstr­ 

ated the existence of a large variety of uridin«, guanosine and cytidint 

nucleotides by sensitive chrortatographic and ratio-isotope techniques. 

Tto content of adenine nucleotides is far greater than all the others 

combined (except for the NAD^-NAM? and lUDP^-NADPO series) and the 

concentration was estimated to be in the region of 6 aW (Klingenberg & Pfaff,
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1966). The MUM workers hare shown that 40 - 1$% of the raitochondrial 

water (which they assumed to represent the "cristae space") is readily 

permeable to many low-molecular substances including all nucleotides. 

This penetration is proportional to the external concentration, ia nearly 

instantaneous and readily reversible by washing, and is not inhibited by 

atractyloside. (This was confirmed by p'Brien & Brierley, 1965). At the 

sane time, a slower "exchange" of internal and external ATP and ADP takes 

place (involving the whole molecules) with kinetic and physical charater- 

istics of an enayaic reaction. This is specifically inhibited by 

atractyloside. The exchange appears to work on the "swing-door" principle 

in that no accumulation of adenine nucleotides occurs (but see Carafoli 

e_t aK, 1965)* The reaction is specific to adenine nucleotides, and 

gnan^ine nuclootidea do not exchange (see Section F).

Heldt «?t ul^. f (1964,a) have shown that endogenous ADP is the
30 

primary acceptor for Pi in oxidative phosphoryl.ition, while Heldt et al.,

(I964,b) demonstrated that endogenous GDP was the primary acceptor of

32Pi in substrate-level phoaphorylation in rat liver raitochondrial This

suggests that the "traualocation" is an essential intermediate step in 

the utilisation of external ATP or ADP for any mitochondria! reaction. 

Klingenberg & Pfaff (1966) showed that at low temperatures the "translocase* 

step was rate-limiting for oxidative phosphorylation of external ADP. 

Should this be the case in intact mitochondria, it is feasible thatthe 

intra-mitochondrial ATP/ADP ratio could be significantly different from 

that of the cytoplasm. Frunder et aJU, (1961) obtained presumptive
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evidence that «meh a difference did exist in fresh liver houogen&tes. 

From the known tissue "concentrations" of ad en me nucleotidca (3-4 

ttohorst et a^. , 1959} it may be inferred that the mitochondria (i.e. the 

oristae and matrix •juices combined) will not contain significantly a»r* 

adenioe nucU-otidea than the rest of the cell,

[Note? It ut&st be emphasized ti*at the above concepts derive 

largely from the work of one laboratory, and have not yet been confirmed 

in toto by other workers, flmni (1966) believes that atractyloside 

inMMta oxidative phosphorylation of ADP by competing with ATP or ADP 

for a binding site in the mitoehondrial iaulti~t*nayia« system which serves 

for various mitochondria) reactions dependent on added adonine nuclootides, 

including oxidative phosphorylation* Kemp & Slater (19^t) and Chappell It 

Crofta (1965)1 on the other hand, have supported moat of the proposals 

of Klingenberg and his co-workera.J
24-

Another factor that may be important is the effect of the Mg 

concentration in a particular cowi.artiaent, Some of the enzyaea sbown to 

W sensitive to ATP, e.g. PFK (Passonneau K Iowrj, 1964) and fumaiase 

(Cohen & Penner, 1965) are less euseeptible to the ATP-Mg complex. The 

free ATP concentration could be significantly different in cellular 

eeopart»ents.

It is feasible that a large part of the ATP measured in whole 

tissues by freeee-clarnping and perchloric acid extraction ( a standard 

technique) raay be inactive in the sense that it i* not available to 

enzyraic reactions (eee Ling, 1962 for a description of ATP as the
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"cardinal adsorbant" of the cell). The analytical figures based on the 

amounts of metabolites extracted from a tissue and referred to its fresh
«

weight, provide an average value of the compounds bound at many sites, as 

veil as the true concentrations in various spatially—separate compartments, 

Thus Scholz & Bucher (1966) have shown that the CTP/CDP ratio changes 

froa 30 to 3 in a fev seconds following anoxia in the perfused rat liver, 

while the ATP/^DP ratio only falls from 5 to 2.

These considerations indicate that the mechanisms of regulation 

of Metabolic processes revealed by studies with disrupted systans may 

have great importance in intact cells in vivo« despite the contradictory 

results obtained with the technique of metabolite assay in frozen—arrested 

tissues. Final verification will require intensive studies of the 

intracellular physiology of enzymes, e.g. their exact distribution, the 

occurrence and effects of reversible binding to particles and membranes, 

conformational changes and inter-conversions of separate forms, and the 

effective concentrations of aubatrates and modifiers in well-defined 

compartments of the cell*
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