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(1)
SUMMARX

The activities of two key gluconsogenic enzymes,
Pyruvate carboxylase and FEF carboxykinase, have bheen
measured in the livers and kidneys of msheep under conditions
of physiological perturbation. when normal, pregnant or
phlorhizinised sheep were fasted for six days there wvas a
marked increase in the hepatic activity o pyruvate carboxy-
lase. Diabetes, induced either by pancreatsctamy or by an
injection of alicxan, caused a similar increase in activity,
vhile administration of glucocorticoid hormones lsd to a
significant reduction in the activity. Hepatic FEFP carboxy-
kinase increased only in diabetic sheep. 7The changes in the
activities of the kidney ensymes were generally similar, except
in diabetes, to those observed in the liver, but ware leas
markede In the diabetic animals neither ensyme increased in
activity in the kidney.

Glucose entry rates were also estimated after a single
injection of “c-gmcon. Glucocorticoids caused no change in
the entry rate, fasting of normal animals caused a siight decrease
and there vas an increase in alloxan diabetes. A very pronounced
increase wae observed in phlorhizinised animals vhen either fed
or fasted. These results are discussed in relation to the
corresponding measurements of the activities of the two enzymes.



(i1)

The intramitochondrial and subcelilular distributions
of pyruvate carboxylase and FEP carboxykinase were determined
in the livers of normal sheep prior to an investigation of the
increased activity of pyruvate carboxylase in fasting and of
both enzymes in diabstes, Digitonin fractionation of
isolated mitochondria revealed that these enzymes were
localised in the matrix. In the normal liver approximately
30% of the PEP carboxykirase activity was found in the
rmitochondria, the remainder being in the cytosol. The activity
increased to a similar extent in both cell fractions in diabetes.
The proportion of pyruvate carboxylass activity in the cytosol
fraction increased from about 10% in the normal liver to 30 ~
40X in fasting and diabetes. However, camparable distributions
were alae observed for mitochondrial matrix marker ensymes,
glutamate dehydrogenase and citrate synthase, which suggested
that the mitochondria were more fragile in these physiological
conditions, This hypothesis was substantiated by electron
micrographs vhich showed that in liver sections from fasted
and diabetic sheep a high proportion of mitochondria were
several times the normal size, but that in preparations of
mitochondria isolated from these livers there were only normal
sized mitochondria and a large amount of membrane fragments.
Further evidence for the cammon identity of the pyruvate
carboxylase activities of the cytosol and mitochondria was
provided by immunochemical techniques, including antibody
titration experiments and Ouchterlony double diffusion analysis.
Fyruvate carboxylase therefore appears to be exclusively
mitochondrial in yivo under the conditions examined.



{141)

in a study of the time course of the induction of
pyruvate carboxylase and FEP carboxykinase in diabetes it
wvas found that FPEF carboxykinaese reached the usual diabetéc
level within 24 hr, but that the responss of pyruvate carboxylase
vas considerably slower. The increassd activity of pyruvate
carboxylase in fasted and diabetic sheep was shown to be
associated with a proportionate increase in ths amount of
irmmunochemically-reactive sangyme protein. _

The increassd amount of engyme protein present in
fasting and diabetes represents long term control of pyruvate
carboxylase activity, Previous work has established that
MgAfr?z" and acetyl-CoA are involved in the acute control of
the ensymic activity and the following evidence, obtained with
purified sheep liver pyruvate carboxylase, supports the
conclusion that there is negative cooperativity in the binding
of pyruvate:

{a) the double reciprocal plot is biphasic

(b) the R value is greater than 81

(c) in the Hill plot there is a region of slope less

than one

(d) two distinct K; values have bean obtained from

the stimulation of avidin inhibition by pyruvate,
thus indicating that at least two molecules of
pyruvate are bound.
The physiological significance of these observations is
discussed,
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This thesis containas no material which has been
ampmtwmmdamm:maﬂpmln
any University. To the best of my knowledge and beliet,
this thesis contains no material which has previously
besn published or written by any other person, except
whers due reference is made in tha text.
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Throughout the text of this thesis, enzymes have
been referred to by their trivial names,

The following is

a list of these enzyres with their systematic names and

numbers designated in the Report of the Commission on Snzymes
of the international Union of uiochemistry, 1961,

Mamber

1141027
1elede37
1014140

1.3.99.1
ledsled
le4e3.4
2s65141
2474101
2.7.1.11

2+7:1.40
3.1.3.9

3e1e3.11

40101.32

441,3,7

Bedolel

Trivial Name
Lactate dehydrogenase

Malate dahydrogenase
Malic enzsyme

Succinate dehydrogenase
Glutamate dehydrogenase
Monoamine oxidase
Glutamate-oxaloacetate
Hexokinase

Fhosphofructokinase

Fyruvate kinase
Glucose-6-phogphatase
Fructose-} ,8~diphosph-
atase

FEP carboxykinase

Citrate synthase

FPyruvate carboxylase

Systematic rame
L=-lactate 12lAD oxidoreductase
L~malate sNAD oxidoreductase

L-malate iNADF oxidoreductase
(decarboxylating)

succinate: (acceptor) oxido-
reductase

L=glutamate sNAD(F) oxido-
reductase (deaminating)

Monosine s oxidoreductase
(deaminating)

il~aspartate i2=-cxoglutarate
aminoctransferase

ATPi1D=hexose 6-phospho-
transferase

AT 1D=fructose~6~phosphatase
l=-phosphotransferase

ATPipyruvate phosphotransferas

D=glucose=6-phosphate phospho~
hydrolase

D=fructose-1,6~diphosphate
l=phosphohydrolase

GTPioxaloacetate caboxy-lyase
(transphosphorylating)

Citrate oxaloacetate-liyase
cua-nootyuang)






l1.1e IMECRTANCE OF GLUCONEOGENESIS

Glucose is a major energy source for most vertebrate
tissues;, particulariy the central nervous system, muscle and
erythrocytes. It also serves as a precursor for the
synthesis of smino sugars, uronic acids, pentoses and lipids.
In spite of considerable fluctuations in the rate at which
glucose iz derived fram the diet and utilised by the tissues,
the blood glucose concentration is maintained within limits
vhich are fairly well defined for a given species. Control
of the blood glucose concentration depends largely on
regulated alterations in the rates of glucose production
by glycogenolysis or gluconeogenesis. Gluconsogenesis
occurs in the iiver and kidney cortex and is the process by
wvhich glucose is synthesised from non-carbohydrate precursors
such .as lactate, amino acids and glycerol, Gluconeogenesis
is important vhen the dietary supply of glucose is inadequate
for the metabolic requiraments of the animal, and ig also
invoived in the removal of excessive quantities of glucose
precursors from the blood, 9.4+, lactate after vigorous
exsrcise.

Extensive studies with perfused rat liver preparations
and vith kidney cortex slices have indicated that the gluconeo~
genic capacities of both tissues are similar. Although little
is known about the relative contributions of the liver and
xidney to glucose production in the wholes animal, it is
believed that hepatic gluconeogenesis is of greater significance
on a quantitative basis because of the larger mass of the
liver and availability of substrates in the portal
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circulation. It has besen calculated from arterio~venous
differences and fram renal blood flow that the kidney in
man (Cahill, 1964) and dog (McCann and Jude, 1958) may
contribute about 15% of the inflow of glucose into the
circulating blood,

The cuantitative aspects of hepatic and renal gluconeo-
genesis in the wvhole animal are probably best illustrated by
studies undertaken in man by Cahill and coworkers, who have
found that under conditicns of proionged fasting the glucose
production by the kidney is almost as great as that of the
liver. In an adult human (about 70 kg) under normal conditions,
the glucose consumption per day of the various tissues has
besn estimated as follows: Ibrain, 120 -« 130 gj; blood
constituents, 34 g5 muscle, 30 g (see Cahill and Owen, 1968),
Values obtained for other species are camparable with those
obtained for man wvhen body size is taken into account. The
net splanchnic glucose production in man after an overnight
fast varies from 180 to 350 g per day (Bondy, James and
Parrar, 1949; Myers, 1950), an amount which corresponds to
approximately half of the basic caloric turnover. After
36 to 48 hours of fasting the arterio-hepatic venocus
difference for glucose in man (Felig et al.,» 1969) is in the
sane range as for the post-absorptive state. The procesa of
gluconsogenasis must be largely responsible for this production
of gilucose becausse the liver glycogen stores are depleted
rapidly (although temporarily) early in starvation (Haro,

Blum and Faloon, 1965). During prolonged starvation in
man the brain gradually diminishes its rate of glucose
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utilisation, and acetoacetate and 5-(OH)butyrate become the

most important sources of energy for this tissue. At the
save time, there is marked attenuation of gluconsogenesis,
vith the glucose production after 5-6 weeks of starvatiocn
reduced to 86 g/24 hr, of which the liver contributes about
55% and the kidney 45% (Owen ef ale» 1969). Half of the
glucose synthesised is derived from recycled lactate and
pyruvate vﬁih the remainder is from glycerol and amino acids,

Liver and kidney cortex are unique among tissues in
higher animals in that they are capable of both synthesising
and degrading glucose by the processes of gluconeogenssis and
glycolysis, respectively. Although related anabolic and
catabolic pMnuc do not usually share coammon pathwvays,
sane enzymes of the glycolytic pathway are cammon to both
the synthesis and the breakdown of carbohydratas,

A. Eppwpes yhigue to each pathvay
The gluconeogenic and glycolytic pathways are sbown
in Fige ls1+. The reversal of some of the steps of glycolysis
is t)nmodynﬁically unfavourable and hence to circumvent
this difficulty each of the pathways possesses some unique
engymes s
(a) hexokxinase and glucckinase catalyse the conversion
of glucose to glucosn-ﬁ-phosﬁhate. while glucose=6-phosphatase

catalyses the formation of glucose fram glucose-t-phosphate.
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FIG., 1.1, The pathways of glycolysi's and gluconeogenesis.
The enzymes unique to glycolysis are hexokinase, phospho-
fructokinase and pyruvate kinase., The enzymes unique to
gluconecgenesis are pyruvate carboxylase, PEP carboxy-
kinase, fructose-l,6-diphosphatase and glucose-6-
Phosphatase.
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(b) phosphofructokinase functions in glyoolysis with
fructose=1,6-dighosphatase as the corresponding gluconesogenic
ensyne,

{(¢) pyruvate kinase is a glycolytic enzyme and it is
proposed that the comversion of pyruvata to phosphoenolpyruvate
(P£¥) is carried out in two steps by the ensyses pyruvate
carboxylase and FEP carbosykinase.

B. Conversion of pvruvate to fir.

Although the revergibility of the pyruvate kinase
reaction has besn dmmonstratsd (lLardy and Zisgler, 1943), the
physiological significance of this reaction in the conversion
of pyruvace to FEF has been questioned on smergetic grounds
by krebs (1954), Solamon gt Ale (1941) firet suggested a
role for (o, fixation in the pathway of glucaneogenesis vhen
they found that rats could incorporate lco, into iiver
glycogen. Labdelling pattems obssxved in the glucosyl residues
of glycogen derived fram pyruvete (Topper and Hastings, 1949)
and lactate (Lorber gt Ales 1950) indicated the pressnce of a
symaetrical four-carbon intermediate in the pathway of CC,
incorporation. Thess chesrvations, together with the discovery
of L-ualate enzyme (Ochom @t Al.» 1947) and PEF carboxykinase
(Utter and Kurahashi, 1954) led to the proposal that FEF
vas farmed by a dicarboxylic acid shuttle (Fig. 1.2) with
malate and oomioncetate as intermediates. liowever, the
equilibriun of the overall system, involving malate enzyme
and FEF carbaxykinase, wvas no wmore favourable to FEN
synthesis than that of the pyruvats kinase reaction (Utter,
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FIG. 1.2, Postulated pathways for the conversion
of pyruvate to PEP,.
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1959). PFurthermore, exmmination of the kinetic properties,

tissue and intracellular distrilmtions and maximal capacities
of these enzrymesrevealed that the properties of ItP carboxy-
kinass, but not of malate snxyme were consistant with a
gluconsogenic role. The activity of malate enzyme appears
to e untelsted to giuconeogenic activity (shrago gt al.» 1963)
since conditions leading to an increase in gluconeogensais
either do not affect malats enzyme or else depress its
activity, Chicken liver mitochondria, which are devoid of
malate enzyme, can forwm PEF fram pyruvate (Utter, 1963) and
further evidance for the non=participation of malate encyme
is the cbesrvation that this ensyme is virtually absent from
the liver of ruminants (Hanson and Ballard, 1967) which rely
almost entirely on giuconsoganesis for their glucose
recquirements. The discovery of pyruvate carboxylase (Utter
and kesech, 1960) lsd to the postulate that [EF is formed
from pyruvate by an abbrewiated dicarboxylic acid shuttle
involving pyruvate carboxylase and FEP cerdoxykinase, the
oquilibrium of the overall reaction lying far in the direction
of JEF synthesis as a result of the utilisation of two high
ensrgy phosphate equivalants. The distridution and properties
of pyruvate carboxylass are consistent with its proposed
role in the synthesis of FEF from pyruvate and en efficient
coupling of purified pyruvate carboxylase and PEP
carboxykinase has been damonstrated (Feech and Utter, 1963).
significan® levels of pyruvate carboxylase and FEF carboxy=
kinase have been obmerved in the livers and xidneys of all
birds and namals examined and these enzymes are probably



involved in gluconsogenesis in these tissues.

Veneziale, Gabrielli and lardy (1970) have recently
published data which do not conform to this widely held view
of the path of pyruvate carbon in gluconeogenesis. In
perfused rat livers, vhere FEP carboxykinase activity wvas
fnhibited by quinolinate, there was significant ccnversion
of pyruvate to glucose without the pricr formation of malate,
aspartate or rEP, Th.ij observation implies that there is an
alternative pathway, undefined as yet, which does not require
FEF carboxykinase activity. In addition, Bartley and Dean
(1969) have observed that the formation of FEF fram malate
by isolated rat liver mitochondria appears to be independent of
PEF carboxykinase activity,

The evidence vhich implicates the participation of
the series of reactions from PEFP to triose phosphate in the
gluconeogenic pathwvay is also equivocal and does not exclude
the existence of another pathway (Scrutton and Utter, 1968),
The phosphoglycerate kinase reaction ias approximately as
exsrgonic in the glycolytic direction as the pyruvate kinase
reaction and may also be bypassed in gluconeogenesis.

Cs

Although there is no direct and unequivocal proof
that the four-carbon dicarboxylic acids are obligatory inter-
mediates in the conversion of pyruvate to glucose, the schemse
shown in Fig, 1.1 is generally accepted as the overall pathway

of carbon in gluconeogenesis, However, there is species
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variation in the intracellular distrivution of FEP carboxye
kinase wvhich has led to the development of different schemes
for the synthesis of FEP in various species, In the avian
liver e.g., pigeon (Gevers, 1967) and chicken (Utter, 1959),
vhere FiP carbaxykinase is exclusively mitochondrial, Fep
must be synthesised in the mitochondrion as shown in Fige 1.3A.
In the rat and mouse vhere nearly all of the sctivity is found
in the cytosol (Mordiie and Lardy, 1963) the bulk of the FEP
for gluconesogaresis vould ha expacted to be gynthesised in
the cytosol. Oxaloacetate renetrates the mitochondrial
memdbrane very slowly and is transportsd in the form of malate,
aspartate, funmarate or citrate to the cytosol vhare these
compounda are converted back to0 cmloacetate (Haynes, 1965)
lardy, ruetiau and walter, 1965; wWalter, Pastkav and lardy,
1966). Cytosol (Li carboxykinae: comerts the oxalomcetate
to FEF which is ultimately metabolised to glucose (Fig. 1e¢34B).
The use of malate am a transport derivative fulfils a dual
role as this shuttle allovs for the transfer of both carbon
are utilised at the glyceraldehyde<3-phosphate dshydrogenase
step in the cytosol in gluconeogenssis and their transfer from
the mitochondria is wssential in gluconsogenssis fram precurscxrs
vhich are more highly axidised than glucose-S-phosphate, 6.g..
pyruvate, serine and aspartate. Experiments conducted by
tillismaon, Anderson and Mrowning (1970) with butylmalonate
in perfused rat liver add support to the concept that malate
mmumwummugwm.mm
that malate transport can be a rate-limiting step in glucose
syntheais,
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rillimnson gt ale (196%) consider that malate is
the major form by which carbon leaves the mitochondrion when
there is no indapendent acurce of reducing equivalents, as
would be the situation if pyruvate were the substrate, and
that aspartate is the means of transport vhen the requirements
of gluconsogenesis for reducing equivalents are met by
dissutation between lactate dehydrogenase and glyceraldehyde-
3-phosphate dehydrogenase e.ge, vhen lactate is the substrate.
Lardy, Fastkau and nalter (1965), however, suggest that
aspartate formed in liver mitochondria may also serve as a
scurce of reducing equivalents in the cytosol - aspartate
may be transported to the cytosol where, after donating an
amino group for urea synthesis, it gives rise to fumarate.
This compound is hydrated to malate, thus providing both
reducing equivalents and the four-carbon skeleton for the
formation of triose phosphate, Under conditions such as
fasting, diadbetss or glucocorticoid administration where
protein is converted to glucose, aspartate must be used in
large smounts for urea synthesis. The main sources of glucose
under these conditions are probably malate and aspartate
(fay, Fostar and lLardy, 1966), each of which also provides
reducing equivalents.

There is evidence that such a scheme for the transport
of oxalcacctate may also be operative in species vhere there
is significant FEP carboxykinase activity in the mitochondria.
Johneon, ibert and Ray (1970) have found that the amount of
FEF goxrmed in and liberated from rabbit liver mitochondria
provided with pyruvate is only a mmall fraction of the



total carbon leaving the mitochondria as PEP, malate, citrate,
and also aspartate if NH,* is added. This suggests that,
although 75% of the enzymic activity is mitochondrial, the
carbon for gluconeogenesis follows a pathway similar to £hat
proposed for the rat.

1e3, JIDENTIFICATION OF REGULATORY ENZYMES IN THE GLUCONEQGENIC
EATHWAY

It has besen recognised for many years that the basic
requirements for gluconsogenesis are a suitable carbon source,
reducing equivalents for the reduction of 1,3-diphospho-
glycerate to glyoceraldehyde-3~phosphate, and high energy
phosphate for ths pyruvate carboxylass, FEP carboxykinase and
phosphoglycerate kinase steps.

Attention has been focused more recently on locating
the rate-controlling engymic steps, Studies of the allosteric
control properties of isolated enzymes, e.g., Pyruvate carboxy-
lase, pyruvate kinase, phosphofructokinase and fructose-1,6-
diphosphatase, indicate that they have the potential to act
as control sites. However, it is also rneceasary to carrcy
out studies using intact organs such as perfused liver in
order to determine the physiological significanoce of these
control factors, and vhather the ensymes are, in fact,
regulatory.

Several methods are available for the identification
of regulatory enzsymes in a metabolic pathway. These
include!
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{(a) comparisons o the maximal catalytic capacities
of the enzymes of the patinmy

{b) measurements of the rates of product formation
from substrates vhich enter the pathway at different levels

(c) comparison of manss action ratios and equilibriuwm
constants

(4) appiication of the crossover theorem (Chance
&t Ake» 1952) to situations in which the concentrations of
the intermediates of the pathway are peasured at a serjes of
time intervals during the tranaition between two steady states.

vescriptions of the use of these methods, together
wvith 8 discussion of the limitations inherent in each nay
be found in reviews by Lewsholme and Gevers (1967) and
Serutton and Utter (31968). Although none of these methods
alone yields completely uwquivocal results, a general
pattern emerges vhen the results obtained with the different
methods are compared., From these studies it has been concluded
that glycolyais and gluconeogenesis in the liver and kidney
cortex are controlled by the activities of the enzymes which
catalyse the interconversions of fructose-tG~phosphate and
fructossel,G~diphosphate, yig., phosphofructokinase and
fructope-1,6-diphosphatase, and the enxymes wvhich catalyse
the interconversions between pyruvate and FEF, YiZs,
pyruvate carboxylase, FEF carboxykinase, and pyruvate kinase.
Although pyruvate kinase and phosphofructokinase are glycolytic
engymes, it is obvious from the camplex interrelaticnships
of the two pathways that regulation of the activities of
theee two engymes can have a profound influence on the
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activity of the gluconsogenic pathway.

mm;mmmm control of these pathways
it is useful to Xnow the properties and effectors controlling
the activities of thege snzymes, and also related enzyres.

One would expect a close relationship to exist between
the activities of pyruvate carboxylase, FEF carboxykinase,
pyruvate kinase, citrats synthase and pyruvate dehydrogenase
pince these enrymes are all involved in the metabolism of
pyruvate and oxaloacetate. Hecent studies have indicated
that pyruvate carboxylase, pyruvate dnhm and citrate
synthase are localised in the mitochondrial matrix, as is
PEF carboxykinase in species where there ia significant
activity of this snzyme in ths mitochondria (schoaitman and
Gresnawalt, 19683 BErdicska gt ale, 1968 Marco, sbastian
and Solm, 19693 Chapter 4 of this thesis)., Docause of tiw
spatial proximity of these enzymes it is imperative that
suitabls controls be operative to direct the flow of metabolites
in the required direction. FPyruvate kinase is found in the
cytosol to vhich oxalomcetate or FEF formed in the mitochondria
muet be tranaferred for subssquent conversion to glucose.

In the absence of any controls pyruvate kinase could convert
all the FEF back to pyruvate, thus resulting in a "futile
cycle®, A similar situation arises at the level of phospho~
fructokinase and fructose-l,6-diphosphatase.

The properties of the above mentioned engymes which
are involved in the metabolism of pyruvate and oxalcacatate



will be discussed, Although it is realised that the
properties of fructose-l1,6«diphosphatase and phosphofructo-
kinase are also important in the control of gliycolysis and
enesis, these will not be discussed as this thesis
is concerned mainly with the gluconeogenic pathway at the
level of the thriwe-carbon Cumpounds.

glu LG

(1) Evzuvate carboxylase
Fyruvate carboxylass is a biotin-containing enzyme
catalysing the following reaction:

Mg2* ,acetyl~CoA
ATF & HCU3~ + Ceblotin > Cebiotin=CO, + ADF + Fy
SeblotineCc ¢  PYTUVAte ————————> [ ,biotin + comlo=-
‘2 . ‘ acetats
e ATE + HCU3' +  pysuvate ——————= oxaloacetate + ADP + P,

The control of the activity of pyruvate carboxylase
appears to be rather complex., The activity of the ensyme from
vertebrate tissues is dependant on the presence of a short chain
acyl-CoA (kmech and Utter, 1963) osmarritt, lesech and Ling,
196635 Scrutton and Utter, 1967) the most effective of which
is acetyl-CoA, although propionyle COA also activates the
enzyme to only a slightly lesesr extent, and butyryl-CoA
has been found to activate the enzyme from calf liver,
Activation by the latter two derivatives is particularly
relevant to the situation in ruminant tissue.

There ls a cocperative relaticnship between the enzyms
and acetyl-CoA (Darritt, Keech and Ling, 19663 Scrutton
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and Utter, 1967) and the sheep kidney enzyme also exhibits
positive homotropic cooperativity with respect to the substrate,
WTP‘% » with heterctropic cooperativity between ngrr-z"
and Mg®* (Keech and Darritt, 1967): This would make the
enzyme very sensitive to slight changes in the ooncentrations
of these compounds, The kinstice of the reaction with respect
to pyruvate are characteristic ot negative cooperativity as
described by levitaki and Roshland {(1969) (msee Chapter 6),
the physiological significance of this phenomencon being that
mmmmmwmwnmmmwgenm«tm
in activity over a wide range of concentrations of pyruvate.

xalonyl=CoA, methyimalonyl-CoA and succinyl-CoA
inhibit the enzyme (Scruttom and Uttey, 1967) vhile aceto-
acetyl=CoA, in addition to being an inhibitor, destroys the
cooperative relationship between chicken liver pyruvate
carboxylase and acetyl-CoA (Utter and Fung, 31970). @n the
other hand, A -hydroxybutyryl=CoaA iz an activator. Alterations
in the redox potential of the cell could be refiacted in the
féuhmymtmlocoa/amtylncm. and it is possible that
this could atfect the activity of pyruvate carboxylase.
caleulations of intramitochondrial concentrations of acetyl-
CoA in rat liver (willismeon, 1969) yield values vhich are
more than an ordexr of magnitude greater than the apparent i,
of the masrmalian enzymes for this compound (Barritt, Keech
and Ling, 19663 Utter and Fung, 1970). However, the apparent
Ky 48 determined ip yitye under optimm conditions and in vive
this may be modified by the interactions of other CoA
derivatives so that control by the concentration of acetyl-CoA
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bacomes relavant.

The energy status of the cell, particularly the
mitochondria, muat play a role in the regulation of the
enzymic activity, since ADF is an inhibitor of the purified
enzyme from chicken iiver (Keech and Utter, 1963), and nalter
and stuckl (1970) have reported that the activity of pyruvate
carboxylase in isolated rat liver mitochondria is regulated
by the intramitochondrial concentration of ADP.

Thus, it is possible that pyruvate carboxylase in yive
is subject to direct control by Kg®*, MgATF*~, acetyl-CoA
and pyruvate and is also infiluesnced by the energy status,
and perhaps the redax potential, of the cell. The potential
flexibility and sensitivity resulting from such a control
system are consistent with the proposed regulatory role of
this enzyme.

(2) bd
PEP carboxykinase catalyses the following

reaction:

an-&

: { 5 P ; 1)
GTF + oxaloacetats . VEP @ C“z + GDI

PEF carboxykinase occupies a key position in the glucone
eogenic pathway and it has also been demonstrated that it is a

regqulatory enzyme (Ray, Foster and lardy, 19663 veneziale

at als., 19673 ZRay, !m and lardy, 1970). It would
theretore be expected to be subject to some sort of metabolite

" control. lowever, no very convincing metabolite controls

have been found for the mmmalian enzyme except that Barns
(1970} has demonstrated inhibition of sheep kidney mitochondrial



15,

FZF carboxykinase by oxalomcstate. HMalate inhibition of
both mitochondrial and cytosol enzymes has been reported
(Ballard, 1970) ut at concentrations such that it is
unlikely to be of physiological significance.

All the xgﬂum-mmmmnmmd'm:mm-
" acetate sre considerably higher than the concentration in the
relevant cell compartment. The mitochondrial levels of
oxaloacetate, besed on NAD*AADH ut;iu. are an order of
magnitude less than the 1«10 uM range reported for whole
tissues (willimmson, lund and Krebs, 19673 Willimmson, 1969
loffler and liieland, 1963; Baird et al., 19683 Ballard,
Hanson and Kronfeld, 1968)., wWilliameon (1969) has calculated
that in the rat liver the concentration of oxaloacetate is
about 5 pi in the cytosol snd 0,2 uM in the mitochondria.
Most reports indicate that PEr carboxykinase isolated fraom
the cytosol or mitochondria of the liver of various species
has & K, for oxalomcetate of about 100 ¥ (Holten and hordlie,
19653 Cchang et al., 19663 Foster gt al., 1967; Barns, 1970).
In contrast to those data, (Ballard, 1970) has recently found
that in the presence of Mg®* the cytosol and mitochondrial
enzymes fram sheep and rat liver exhibit a K, value for
axaloacetate of 20-30 M, while in the presence of kn®*
ﬂw%oﬂthemitodwxd:hlmmhmwgmalmowh
that of the cytosol enzyme is unchanged. This obssrvation
also provides ancther example of differences between the
mitochondrial and cytosol encymes, Holten and dordlie {(1965)
have demonstrated that the two ensymes from guinea pig liver
show some differences with respect to metal ion activation
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and AMF inhibition, and Ballaxrd and Hanson (1969) have found
that the cytosol and mitochondrial enzymes of rat liver
mitochondria are immmologically distinct,

It is gonerally assmed that PEF carboxykinase in the
cytosol has a gluconsogenic role. The high K, value for
cxaloncetate may be an i yitxg artifact or it is possibie
that jn viyg a positive effector influences the K, for comlo-
acetate. In the mitochondria there is an even greatar
mmmmmumwwm&u
I, for this compound. However, the intramitochondrial
cancentration of FEP may be as high as 4 mM {(Garbex and
Ballard; 1969) vhich contrasts with the zrange of 0.1 « 0.2 mM
reported for whole liver (Ray, Fostar and lardy, 196Gj
Rolleston and lewsholme, 1967 uweidemann, Hems and Krebs,
19693 Baird and Heitsman, 1970). mkaoedzupm
mitochondrial IEF cerbaxykinase for FEF is approdmately 0.2 mM
and Barns (1970) has suggested that in view of the relative
levels of oxaloacetate and FEP, it may be that the carboxylation
reaction is more important in yive than has hitherto basn
realised. If mitochondrial FEP carbaxykinase does,; in fact,
have an anaplerotic role, the inhibition by cmloacstats would
be significant in the control of its own synthesis.

(3) Zymuase kiname
Fyruvate kinass is potentially able to divert most

of the gluconsogenic fiux back towards pyruvate unless it is
efficiently controlled. Recent studies have revealed that
this enzyme is subject to a camplex allosteric control system.
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In a comprehensive investigation, Llorente, Marco

and Sols (1970) found that the enzyme in fresh extracts of
liver and kidney vas subject to the following controls, some
‘of which had been demonstrated reviously (a) marked positive
cooperativity with respect to the sudbstrate, FEF (b) strong
allosteric inhibition by alsnine (sSeubert gt ale,» 1968) and
ATF (Tanaka, Sus and Morimura,; 1967), each of vhith raises
the apparent K, value and incresses the sigmoidicity of the
FEP kireticsy (c) strong activation by fructoss 1,6~
diphoaphate (Taylor and Bailey, 1967) which greatly reduces
'tmnmmxnwmmmuﬁtyvimmm
to FEP. mi.s-amummnycammzuu
inhibitory effecta of alanine and ATF.

The concentrations of substrates and effectors for
vhich these phencmena are ocbemrved are consistent with the
concentrations 1ikely to ocour in the cell, The regulatory
mechanisn is such that a decreass in the fructose«l,6-
dightathate level, as would ccour in the switch over fram
glycolysis to gluconeoganesis, would allow increased inhibition
by alanine and ATF, and thus help to prevent diversion of FEF
in a “futile cycle”. Inhibition of pyruvate kinase by acetyl.
CoA, NADH and free fatty acids (weber, lea and stamm, 1968)
may also be of physiological significance since these campounds
stimulate the rate of gluconsogenesis,

Pyruvate kinase of othar non-gluconeogenic tissues,
including heart and adipose tissue, does not exhidbit any of
thess allosteric rroperties (lLlorente, Marco and Sols, 1970).
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(4) Sltxate mnthane
The control of citrats synthase activity must
be considered in relation to gluconsogenssis becmuse this is
one of tha factors detemining whether comlomcetate enters
the citric acid cycls or vhether it is metabolised to glucoss.
Inhibition of citrate synthass by fatiy acyl-CoA
derivatives has been repcrted (Tubbs, 19633 uieland and
weiss, 1963), ut from data obtained with purified pig heart
engyms (Srere, 1963), perfused rat liver (williamson gt al.,
1969a) and arguments presented by other workess (Garland,
1968) it has been concluded that this inhibition is unlikely
to be of physiological significance,
Cantrol by the intramitochondrial ATP/ADP ratio
{AtXxinson, 1965) sShapherd, Yates and Garland, 1965;
Gariand, 1968) Jangaard, Unkeless and Atkinson, 1968) or
more specifically, by the adenine nucleotide energy charge
(Atkinson, 1968) may be important, although recent experiments
with isolated rat liver mitochondria (willimmeson @f fl.» 1967)
Willismeon gt al., 1969¢) \oftczak, 1968) have failed to
substantiate this proposal,
wisland, Weiss and Eger-ieufeldt (1964) and willismson
ot al. (1969d) suggest that the caloacetate concentration may
be more important than sdenine muclectides in the control of
activity. The calculated mitochondrial cmloacetate concentra-~
tion of 0.1 « 0.4 ¥ is well below the reported K, values of
2 to 5 uM (Garland, 19683 Jangaard, Unkeless and Atkinson,
1968), Citrate synthase activity could de controlled
indirectly by the redox system since an increase in the



19.
mitochondrial NADH/NADY ratio would tend to restrict citrate

synthase activity by decreasing the oxaloacetate concentration
through the equilibrium of the malate dehydrogenase reaction.
The apparent Km values for oxaloacetate and acetyl-CoA are
increased by ATF (Jangaard, Unkeless and Atkinson, 19683
Garland, 1968) and an increased ATF/ADP ratio would therefore
potentiate the inhibition caused by a decrsased oxaloacetate
concentration,

High »ADH/NADY and ATE/ADP ratios tend to favour
gluconeogenesis and under these conditions the activity of
citrate synthase would be diminished, thus ensuring the
availability of oxaloacetate for gluconsogenesis,

(4) Eyruvate dehydrogenase
The properties of the pyruvate dehydrogenase

camplex are relevant to the control of gluconeogenesis since
it can compete with pyruvate carboxylase for pyruvate.

The pig heart enzyme is inhibited by its product,
acetyl=CoA, wvhich competes with CoA (Garland and Randle,
1964). Similar effecte with acetyl-CoA and NADH (Nicholls and
Garland, 1966) have been obtained with the rat liver enzyme.

When highly purified pyruvate dehydrogenase fram beef
kidney mitochondria is incubated with low concentrations of
ATF, it is inactivated and phosphorylated by an ATP-specific
kinase (Linn, Fettit and Reed, 1969). Conversely, the
reactivation of the enzyme by ng* is accompanied by
dephosphorylation. The kinase and the phosphatase
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respansible for these transformations appear to be regulatory
subunits of the pyruvate dehydrogenase camplex. The phosphatase
will tend to be active vhen the intramitochondrial ATFP/ADF
ratio is low, and since the enzyme is inhibited by acetyl-Coh,
it is obwiocus that there is an inverse relationship in the
regulation of pyruvats dehydrogenase and pyruvate carboxylase
ard hence in the resgulation of pyruvate oxidation and carboxy-
lation.

1.5

The processes of glycolysis and gluconesogenesis both
ocour in the liver and kidney. The rate and direction of
metabolism at a particular time is therefore detemined by
the relative activities of the regulatory enzymes., The
activities of these enzymes will depend on their regulation
by modifiers as discussed in sSsction 1l.4., and also on the
concentrations of their substrates.

Fhysiologieal stimulation of the gluconeogenic rate
probably occurs during muscular exercise as a result of the
increased production of lactate, and in carbohydrate starvation
as a result of the increased availability of substrates such
as glucogenic amino acids and glycerocl, 7The initial increase
in the gluconeogenic rate may be due to a more camplete
utilisation of the normal gluconeogenic capacities of the
liver and kidney which are not saturated by the normal
concentrations of precursors in the plasma (Exton and iark,
1967). Increases in the maximal capacities of these tissuss
also ocowr during prolcnjyed exposure to conditiona requiring
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elevated ratas of gluconsogenssis (Krebs and Yoshida,

19633 Krebs gt pl.s 1963) Hemning gt ale., 1966). The
increased rates of gluconsogenesis cbeerved in certain
hormonal disorders, e.g.,; diabstes or malfunction of the
adrenal cortex, can be reproduced experimentally by adninistra-
tion or vithdrawval of the appropriate hormone and have been
studied extensively in attempts to identify the enzymic
reaction affected. The assayable activities of the key
gluconaogenic engymes, pyruvate carboxylase, FEP carboxykinase,
fructose-l,6~diphosphatase and glucose-t6-phosphatase in

tissus homogenates have genarally been found to increass under
conditions of increased glucormogenesis induced by metabolic,
distary or hormonal stimuli, However, the changes in the
engymic activities occur relatively slowly in contrast to the
more rapid effects observed on the overall gluconeogenic flux,
Changes in the rate of gluconeogenesis in the wvhola animal

are difficult to interpret since both the gluccrmogenic and
pexipheral tissues may be inmvolved in the response observed.
Consequently, most of the recent studies on the control of
giunconeogenesis have bsen performed with the isolated gluconeo-
genic tissue either in the form of tissue slices or as perfused
preparations of the wvhole organ, The effects are thwis able

to be defined more specifically than is the case in the vhole
animal.
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pyridine muicleotides md the phosphorylation skate of the
adenine nucleotides, Krebs and covorkers (Williamson, Lund
and Krebe, 19673 Krebs and Vesch, 1969) have concluded that
these two systems are linked by snzymes wvhich establish near
equilibria. This network is likely to be a fundmmental
component of the energy transforming mechanisms in the cell
gince it establishes hasal levels of the redox state of the
and 1links the redax states to the supply of ATP,.
phosphorylation state of the adenine nucleoctides may also be
considered individually with respect to their effects on the
rate of gluconeogenesis. The addition of fatty acids (william-
aon, Schols and Erowning, 1969), glucagon (williameon 2t Al.
1969b) and ethanol (willismson g Rl., 196%) to perfused rat
liver may enhanoe the rate of gluconsogwmsis by increasing
the NADH/ANAD' ratio in the cytosol with a consequent stimlation
of the conversion of 1,3-diphosphoglycerate to glyoeraldehyde=3-
phosphate. However, evidence has been presentsd that it is
not the redox state of the pyridine miclectides which controls
the rate of gluconeogenesis. Studies in perfused rat liver
(toss, Hems and Krebs, 1967; Exton and Park, 1969 ), mouse
liver slices (krebs, Notton and iHems, 1966) and kidney

cortex siices (Krebs, Gascoyne and Notton, 1967) show that
the ratesof glucaneogenesis are, within wvide ranges,
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independent of tha ratio of the concentrations of lactate
‘and pyravate and henoe of the redox state. They sugguest
instead that the redox gtate of the pyridine nucleotides may
play a role in the regulation of metalolic processss by varying
metadbolite concentrations. Ethanol inhihits gluconsogenesis
fram lactate in the iiver (Krebs, 1968) Krebs gt Ale,» 1969)
as a remult of a fall in the steady state concentration of
prruvate. Alcchol dehydrogenase activity leads to a more
reduced state of the cytoplasmic NADH/NADY couple and this in
twrn decreanes the concentration of pyruvate through the
equilibrium of the lactate dehydrogenase system, Ethanol
thersfore inhibits gluconsogensais from lactate or other
precursors forming pyruvate as an intermediata. Work by irebs
and vesch (1969) indicates that the redox state of the cyto-
plasmic NADFH/MADF* couple, together with the concentration
of & -ketoglutarate determises the concentration of citrate,
which is an allosteric effector of phosphofructokinase (Garlind, rr
and Newsholme, 1963; rarmeggiani and Bowman, 19633 Fassoneau
and Lowry, 1983). It was mentioned in Section 1.3, that although
» is a glyvolytic enzyme, the control of its
activity is important in the regulation of gluconsogenesis.
In addition to its role in the regulation of the redox
system may have direct effects on the activities of regulatory
enxymes. from the properties of the engymes discussed in
section l.4¢ it is apparent that wvhen the ATF/ADF ratio is
high, pyruvate kinase and citrate synthase are inhibited,
vhereas pyruvate carbaxylass and FEF carboxykinase (as a result
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paphate kinase activity) are activated,

thus enmwring a high rate of gluconsogenic activity in the
oell.

Atkinson (1968) has proposed that the control by the
adenine micieotides may be depshdant on the ensrgy charge
of the adenylate pool. The energy charge is defined by the
folloving expression vhich relates the concentrations of
the three muciectides: (JATE7 + 0.8 JADE) ) / (L ATE/  +

LA . ANE? ).

B. rosgible role of fatty acids

It has Deen shown in many. laboratories (Struck,
Astmore and wWieland, 19653 Herrera gt al.» 19663 Soling st ales
19683 wWillimmson gt Ales 19683 Willimmson, Browning and
Schols, 1969) that fatty acids increase the rate of glucose
production fram various substrates in the perfused rat liver.
sﬁxmyhmtmtntymmumfmmnma
vide range {5 yiyp during different dietary states, itls
conceivables that control of gluconeogenssis by hepatic fatty
scid cddation may repsressent an important physiologicml
phanomenon .

Studies Ly williameon, Browning and scholsz (1969),
using rat livers perfused with ocleate, have indicated that the
location of tha control stepe in the gluconsogunic pathway
is determined both by the nature of the substrate used as a
giucose precursar and by the rate of fatty acid oxidation.
With lactate and pyruvate as substrates, control sites wvere
cbserved at pyruvate carbaxylase (activation) and phospho-
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fructokinase (inhibition) presumably as a resuit of
increased levels of acetyl=CcA and citrate, respectively.
when alanine is the substrate there is a relative deficiency
in the transport of reducing equivalents to the cytosol. The
addition of fatty acids undexr these conditions caused
stimulation of the glyceraldehyde-3d-phosphate dehydrogenase
step, probably through the elsvated NADH/NADY ratio
maintained in the cytosol during enhanced fatty acid oxidation.
williamson, Browning and Scholx (1969) consider that control
of pyruvate carboxylase activity is probably the most relevant
interaction between fatty acid oxidation and gluconsogenssis.
Other groupe have also concluded that fatty acids enhance gluco-
nesogenesis primarily by stimalation of pyruvate carboocylase
(Soling gt alss 1968) and inhibition of pyruvate oxidation
(Teutel gt al.s 1967 sSoling ot ales 1968),

Purther evidence for a role of fatty acids in the
cantrol of gluconeogenesis has besn provided by liver perfusion
studies with 4-pentencic acid, the simplest of a series of
unsaturated short chain fatty acids causing hypoglycesmia
in vivp (Anderson gt ales 195835 De Renmo gt 2le.» 1958)
corredor, Bréndel and Eressler, 1967). Crossover sites have
beoen located at the glyceraldshyde-3-phosphate dehydrogenase
and pyruvate carboxylase steps, probably as a result of the
decreased NADH/NAD* ratio in the cytosol and a fall in the
lavel of acetyl~CoA, respectively (kuderman, shafrir and
Eressler, 19683 Toews, Lowy and Ruderman, 1970j
williameon gt Al.» 1969c) Willimmson, Rostand and Feterson,
1970). These sites of inhibition correspond to the sites of
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activation discussed for studies with fatty acids.

Exton, Corbin and Park (1969) have also found that
high concentrations of free fatty acids stimulate glugonsogensais
in the perfused rat liver, liowever,; vhen albumin-bound clsate
was used, ﬂu& should represent jin yivp conditions wore closely,
1ittle oxr no change wvas cbserved in the rate of gluconecpsnesis,
although a large increase in xatogenesis occurred, These
investigators therefore question the proposal that fatty acids
play an important role in the rapid short term regulation of
hepatic gluconsogenesis in vive.

Degpite this cbservation, the hypothesis that fatty
acids are involved in the regulation of dlumoguasia remains
an attractive one and should not be discarded before more
information ig availadle,

The twvo pancrestic hormones, insulin and glucagon,
constitute a delicately balanced system, and have opposite
effects vhich appear to bs mediated by the level of cyclic AMP,
willimeson gt Ale (1969b) have concluded that the altered metabolic
state of the liver induced by glucagon is associated with a more
reduced redox state in both the cytosol and mitochondria, but
that the earliest event following glucagon administration is
probably an increase in the hepatic level of cyclic AMP,

The increased gluconeogenesis induced by glucagon
is suppressed by insulin (Msnahan and Wieland, 1969) as a
result of a decrease in the tissue level of cyclic AMP
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(Jefferson et al., 1968). Administration of anti~-insulin

serum causes an increase in the liver cyclic AMP concentration,
wvhile diabetes induced by alloxan has a similar effect which is
rapidly overcome by insulin treatment (Jefforson et al., 1968).

The primary site of action of glucagon in the
glucongogenic sequance appears to be the pyruvate carboxylase
reaction (Williamson et al., 1969b). Fatty acids have been
implicated in the stimulation of gluconeogenesis by glucagon,
and it is suggested that the gluconeogenic response may be
secondary to increased rates of fatty acid oxidation resulting
fram activation of hepatic lipase. However, Exton, Coobin and
Fark, (1969} dispute this hypothesis on the basis of results
from liver perfusion experiments where the effect of oleate

on gluconsogeneais is additive with that of a maximally effective
concentration of glucagon. Mallette, Exton and Park (1969%a)
propose that glucagon plays a role in the regulation of
gluconeogenesis from amine aclds by increasing the formation
of cyclic AMP, which stimulates the transport of amino acids
into the hepatic cell, hence increasing substrate availability
and also increasing the conversion of pyruvate to PEDN.

A redistribution of Caz* within the cell has been
impiicated in the control of gluconeogenesis by glucagon or
cyelic AHP (Friedmann and Rasmussen, 1970). Thie may be
related to the observation that pyruvaﬁe carboxylase in rat
liver mitochondria is inhibited by Cazé" { Kimmich and Kesmussen (1969)
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(2) Mode of action of insulin

The decrease in cyclic AMP levels in the liver
may account for the rapid effects of insulin on the liver, but
it is not known how this relates to the relatively slov changes
in enzyme activity and content which occur after administration
of the hormone in vivo (weber, Singhal and Srivastava, 1963),
Insulin also appears to be important in the regulation of the
availability of substrates from peripheral tissues. Ths decrease
in gluconeogenssis after insulin adminlstration may be due partly
to adminished release of glycerol from adipose tissue (Fain,
Rovacev and Scow, 19653 Kipnis, 1965) and to a reduction in
the supply of amino acids as a result of increased protein
-ynthonil (Wool, 1964) and the accumulation of amino acids
(Manchester and Young, 1959; Scharff and wWool, 1965;
Sanders and Riggs, 1967) in muscle,

(b) Adrenal hormones
(1) Catecholamines -

The action of epinephrine on gluconeogenesis appears
to ke similar to that of glucagon and is also mediated by cyclic
AMF (Exton and Park, 1969),.

(2) Glucocorticoids
A role for glucocorticoid hormones in the regulation
of gluconeogenesis is suggested by observations that adrenal-
ectomy leads to reduced ratesof gluconeogenesis which may be
restored by glucocorticoids (Sabralmanyam, Joseph and Natarajan,
1967; Henning et al., 1966; Seubert et al., 1968). 1B vivo
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administration of glucocorticoids may lead to an increase
in the activities of key gluconeogenic enzymes. It is well
established that the activity of FEP carboxykinase is increased
in rat Iuwr and kidney (Lardy @t al«» 19643 Ssubert gt al.,
1968) but the bshaviour of pyruvate carboxylase is less clear,
Although Freedman and Kohn (1964) and Henning, Seiffert and
Seubert (1963) have reported an increase in the activity, other
wvorkers have bsen unable to confirm this (Shrago and lardy,
19663 Struck, Ashmore and wWieland, 1966). These examples
of chronic adaptation appear to be secomdary to an increase
in gluconeogenic fiux (Ray, Foster and lLardy, 19564) which may
occur partly in response to an increased availability of smino
acids from peripheral tissues (smith and Long, 19673 sutherland
and Haynes, 1967; Kostyo, 1965),

It appears that glucocorticoids also have a permissive
action on the stimulation of hepatic gluconscogenssis. Adrenal-
ectamy impairs the gluconsogenic responss to low conocesntrations
of glucagon and epinephrine in livers from fed or fasted rats, and
a normal response may be restored by administration of dexa-
methasone (Friedmann, Exton and Park, 1967). The impairment of
the response is not due to reduced accumulation of cyclic AMP,
but is the result of decreased sensitivity of gluconsogenesis
to activation by the nucleotide,

(c) Cther hormones
There are some indications that thyroid hormones

and growth hormone may be involved in the cantrol of gluconeo-
genesis.



30.
(1) Ihyzeid hormones

Freedland and Krebs (1967) have reported that
thyroxine treatment in yiyo increases the rates of gluconso~
genagis from lactate and glycerol, but not fram fructose in the
perfused rat liver, Consistent with this repart is the observa-
tion that the activities of pyruvate carbooylase, PEP carboxy-
xinase and mitochondrial glyceraldshyde-3-phoephate dehydro-
genase are decreased in the ilivers of thyroidectomised rats
(Henahan and Wieland, 1969; Bottger, Kriegel and wieland,
1970), Adninistration of triiodothyronine restores pyruvate
carboxylase to the normal level, while FEF carboxykinase and
glyceraldehyde-3-phoaphate dehydrogenase exosed the normal
level.

(2) growth hormons
Growth hormame increasss the hepatic glucose output
in intact dogs (Altszuler et ale.s 1968) and stimulates amino
acid gluconsogenesis and ureogermsis by 40-50x% in the perfused
rat liver (Jefferson (1968) in Exton gt ale» 1970).

(4) IEmary

At the pressnt time it appsars that glucose
output by the liver is probably determined by the activities
of glucagorn and catecholsmines on the ons hand, and insulin
on the other, acting on systems synthesising and degrading
cyclic AMI' (see Rdbisan, Butcher and Sutherland, 1968),
Clucagon and catecholmuines elicit a maximum reaponse in the
iiver only in the pressnce of normal lsvels of glucocorticoid
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hozmomese. The relative importance of the roles of other
harmcnes, such as thyrold horwmones and growth hormone, has
yet to e asseseed.

1e6¢ BEEIN E

Renal gluconsogermsls appears to be similar in many
reapects to hepatic gluconsogenesis. Un a weight basis the
gluconeogenic capacity of the kidney cortex probably equals or
exceads that of the liver (Krebs, 1964) Bowman, 1970),
Howeveyr, there are sane rather striking differences in the
regulation of this process in the two tissues.

(1) Effe

of gluconsogenesis in rat kidney cortex slices (Goodman,

fuisz and Cahill, 1966) Goorno, Rector and Seldin, 1967)
Kaen gk Ales 1967) and the enhanced rate of glucose formation
by slices fram diabdetic and starved rats ia returned to normal
by aliall feeding (Kasssn and Cahill, 1969). lMepatic gluconeo~ -
genesis remains elevated despite alkall loading indicating
thathapnticgmwuicmdnm«mm
(Herrera gk al., 1966).

In the isolated perfused rat kidwy the rate of
gluconsogenesis is sensitive to the piH of the perfusate
(Dowman, 197C).  Goodman gt jls (1966) showed that metabolic
acidosis led to an enhancement of renal gluconeogenesis with
glutamine, glutamate, o ~ketoglutarate and cxaloacetate, but
not vith fructose or glycercol as substrates, Attempts
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to detemine more specifically the rate limiting step which
is affected by pi have produced data suggesting that the
mmotmlmutopwuyhmduwm-
action (Alleyn®, 1968),

In contrast to remults obtained with liver prepara-
tions, glucagon (Nishiitsutsuji-Uwo, Ross and Krebs, 1967)
Bowman, 1970) and epinephrine (Bowman, 1970) have no effect
in the perfused kidney. Cyclic AMP doas, howvever, stimulate
glucose production in rat kidney cortex slices (Pagliara and
Goodman, 1969) and in the parfussd kidney (Bowman, 1970) and
it has been suggested that the appropriate receptors (@.g.,
glucagone and epinephrime-ssnsitive adenyl cyclases) are
absent from renal tissue, Another posaibility is that exogenocus
Mummmmucmpmmtumiwgémm
reactive sites. In support of this is the fact that neither
perathyroid extract nor vasopressin altered the gluconsogenic
rate although these hormonss activate renal adenyl cyclases
(Chame and Aurbach, 1967) Fagliara and Goodman, 1969).

170 CSLUCCIECGENESIS TN RUMINANT SIECIES
Most studies on gluconsogenesis have besn carrisd out

in rats. These are monogastric animmls vhose normal det
provides an adequate amount of glucose wvhich is readily
absorbed fzrom the alimentary tract.

in adult ruminants, particularly those on hay or low
grain diets, very littie glucose is absorted fram the
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rumen because the dietary carbohydrates are fermented by rumen
microorganisms to volatile fatty acids of which acetic,
propionic and butyric acids predaminate. These volatile
fatty acids account for 50 - 80% of the adult ruminant's
energy requirements (Carroll and Hungate, 1954) Hungate, Mah
and Simesen, 1961) Dergman st gl., 19653 leng and Leohard,
19653 Gray et ale, 1967). Although only propionic acid is
directly glucogenic (Annison, leng, Lindsay and white, 1963), the
metaboliam of acetic and butyric acids could spare the utilisation
of glucose for oxidation and lipogenesis. It has been estimated
that approximately 50% of the propicnate absorbed is converted
to glucose, and depending on the diet, this may account for
20 = 40% of the animal's total glucose requirement (Ssrgman,

Roe and Kon, 1966} leng, Steel and Luick, 1967). About one

sixth of the propionic acid produced in the rumen is converted

to lactic acid during its absorption and this is metabolised

in the liver via pyruvate, oxaloacetate and FEr, Fropicnate

is converted to oxaloacetate through propionyl-CoiA, methylmalonyle
CoA,; succinyl«CoA and the citric acid cycle, The glucogenic
amino acids obtained from degradation of microbial protein

provide another source of glucose precursors. Lactate from
glycolysis in muscle, the central nervous system and erythrocytes
is also a substrate for glucose synthesis,

The importance of gluconeogensesis in ruminants is
emphasised when it is realised that the glucose turnover rates
ir; ruminant and non~ruminant animals are similar (see pallard,
Hanaon and kronfeld, 1969). 1t has long been recognised that
in the sheep glucose is utilised chiefly by the nervous
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system, footus and mmerary giand during lactatione Howover,
recemt etudies by Bsrgman e gl. (1970) have revealed that the
rortsl drained viscera (gastrointestinal tract,; pancreas and
mpleen) utilise consideradbls mmounts of glucose and are more
important in this regard than has previously been realised.

le8s ADNS OF THIZ FROJECT

The activities of the ley glucpneonenic engymes have
been discuseed with respect to the relaticmship between their
acute control and the factors which rogulnte the flux through
the gmmnie patlway. It has heen found that undex
prolonged condiitions of physiolopical perturbation there are

sried increases in the sctivities of scme of these SNTYIRH .
The most extaneive studies of this nature have been carried out
in rat liver, but there is relatively littls information
availalle about the snzymatic aspects of renal gluconeogenesisg.
ginconeogenesis is an essential prooess in the metabolism

of ruminants, and as the sheep is on animal of economic significance
to australia, it wmay prove valuable to have a canplete understanding
of this important metabolic pathvay. Since a considerable
amont of inflorwation was already available in the iiterature
about hepatic qluconsogenesis in other species, the original
aim of the projoct was to compare the engymatic aspecte of
hapatic and vennl ginconsogoneaia at the three-carbon level
in the shoay., Tharefore, a study of the behaviour of pyruvate
cnrboxylase and iEP carboxykinase in the liver and kidney
cortex of the sheep under various conditions of ghysiological
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parturbation, @.g., fasting, diabetes and administration
of glucororticeid hormones, vas undertaken to add to our
xnowledge of the process of gluconeogenesis in these conditions
and to enable comparisons to be made between the two tissues.
vhen it became evident that there were some striking
differences in hepatic gluconsogenesis detween the shsep
and other species, particularly the rat, it wvas decided that
attention should be focuised on hepatic pyruvate carboxylase
and PEP carboxykinase in the sheep. The main aim of the project
then wvas to determine the intracellular localisation of pyruvate
carboxylase and PP carboxykinase and the nature of the increase
in the hepatic activity of pyruvate carboxylass which wvas
found to occur in fasted and diabetic sheep. Such information
vas necessary for further studies on the factors responsible
for the induction of the enzymic activity.

in order to uiderstand the acute control of pyruvate
carbcoylase jn vive, it is essential that the enzyme be
characterised as fully as posaible, albeit that this must
at present be done in yvitrg, with all the limitations in
interpretation vhich this implies. Acetyl-CoA and MgATI*™
had previcusly been demonstrated to play important roles in
the short term control of the enzymic activity, and when it
becane evident that pyruvate wbou:yun purified from sheep
liver exhibited regative cooperativity in the binding of the
gubstrate, pyruvate, this phencmenon was studisd in detail,
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2.1, MATERIALS
sodiun pyruvate (dimer free), ADP, ATF, IDF, Coh, GSH,

NADH, pyridoxal phosphate, sodium glutamate, « -ketoglutarate,
5,5'~dithiobis(2~dinitrobenzoic acid), Tris (Trissa Grade),
digitonin, dithicerythritol and g -phenylpyruvats were products
of Sigma Chemical Cosp St. Louisy; MOss UsSeAs

(xaloacetats vas obtained from the Califormia Corpora-
tion for Biochamical Research.

Dithiothreitel and hydroxypyruvate vere purchasexi
fram Mutritional Biochemicals Corporation, Cleveland, thio.

Malate dehydrogenase and aspartate transaminase vers
obtained from the BDoshringer Corporation (London) itd.

Avidin (10.3 units per mge.) was the prodict of
worthington Biochemicml Corporation, Freehold, New Jorsey.

Asmonium gulphate (Ensgyme Grade) vas cbtained from
Mann Research laboratories, Inc., hNew York, U.S.A.

Nesthylmorpholine (Eastman (rganic Chemicals, U.SeAs)
and pyruvic acid (B.D.H. technical grade) were purified by
digtillation under reduced pressuze.

r (monocyclohexylasmonium salt) was synthesised by
the method of Clark and Kirby (1963).

sephadex G200 and DEAS-Sephadex (AS0) (Fharmacla,
Swedan) and DEAE cellulose (ihatman, DE23) were used in the
mrification of pyruvate carboxylase.

Polyethyleneglycol (Carbowax) was obtained from .
tnion Carbide.

Sucrose (A.R.) wvas the product of CeS.Re COes
Sydrey, Australia.



37.

Allcomn vas abtained frem Kochelight laboratories
ltds, Colnbrock, Bucks., Englandy Cortisyl (cortisone
acetate) from Roussel labs,, Wembley rark, Inglamis Solu-
cortef (hydrocortisone sodivm succinate) from Upjohn COey
Michigan, U.S5 «A.3 and Decadron phosthate (dexamethasone 21~
shosphate) from Merck, sharp and Dotme, Australia.

Freund's camplete adjuvant was purchased from the
Comonwealth Serum Laboratories, Melbourns, Australise.

pa*¥co, and unifarmiy labeiled /5-*4C7 glucose vere
obtained froem the Radiochemical Centre, Amersham, Great
oritain.

Scintillation fluid. FPO (2,3-diphenyl oxazole)
and dimethyl POPOF (1,4=-bis-2 (4-mathyl=S«comgolyl )=bansens
wore obtained from the FPackard Instrunent COsp UesS.A. These
canpounds wvere dissolved in sulphur-fres toluems according
to the method of Bousgquet and Christian (1960).

2.2 NNMS.
Dre I.C+ Jarrett of the Commormalth Scientific and

Industrial Research Organieation, Divigion of Matritional
Biochamistry provided merino ewes (age 2-3 years) and
miperviged the varicus treatments which vill be described
in subsaquant chapters.
m«WMWMWamMMwa
Adelaide.
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Acetyl=CoA was prepared fran CoA by a modification
of the method of Simon and shemin (1953).

CoA (35 mg) was disscived in a small volume of wvater
and a drop of bromothymol blus was added to the solution at 0°,
After the polution had been neutralised with 1 M tris base,
sodiun borchydride (1-2 mg) vas added to ensure that the CoA
wvas fully reduced,; Five mimutes later, the solution wvas
acidified with a drop of constant boiling HCl to destroy
excess borchydride, and after the frothing had subeided, the
pH was readjusted to 7.0 with tris. The reducnd CoA was
acetylated vith redistillsd acetic arhydride (0,05 ml)
and allowed to stand in ice for S min. The pi was adjusted
to 6.8 and the volume was adjusted to 5.0 ml,

For use in kinetic studies, acetyl-CoA was purified
by ascending paper chromatography. After the CoA had been
acetylated the final nsutralisation step vas omitted and the
solution wvas applied to vhatman 3 MM chromatography paper,
wvith reduced CoA as a standard. The solvent systsm used vas
isobutyric acid/vater/conce NHOH (66/33/1, v/v/v) (Zetterstrem
and Ljunggren, 1951)., After the dands of scetyl-CoA and CoA
had been located by their absorption of ultraviolet light,
the acetyl~CoA was eluted with 107 M EDTA, pi 7.0. The
eluate was concentrated by freese-drying and the concentration
of acetyl-CoA wvas determined by measuring the extinction
at 259 m,
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2.4, FREEABATION OF NaM'SCO,

“caz vas distillsd under vacuum at room tempsrature
from 5a¥co, and 7% (vAv) HC10, and vas absorbted by an equivalent
amount of NaOHe The distillation fiask was warmed gently to
engure the complete limumotmucoz. The solution of
nait4coy was diluted to 50 RC per ml with 0.2 M NAHCO
freshly prepared with CU,-free glass distilled yater. The
specific activity of the nai*dco, solution vas detemined by
dilution in 0,1 M tris. Aliquots of this solution were dried
on 1 inch squares of vhatman 3 !4 paper which had previously
been moistened with a solution of BaCl, (0.1%, w/v), and were
counted in a FPadard Tricarb scimtillation Spectrameter.

A solution of 50 uC per ml corresponded to approximately
3x105mxt-mninmmh.

FEP CARBOXYKINASE ASSA
IEF carboxykinase was assayed by a modification of the
14ca, rixation method originally described by Utter and
furahashi (1954) and vas similar to that used by Swrns and
Keech (1968) except that the transaminase system was not
included and oxaloacetate was stabilised by the farmation of
the cxaloacetate-dinitrophenyihydrazone.

The reaction mixture contained in ymoles (total
volume 0.5 ml) tris-citrate, (pH 6.5), 103 FEF, le23 IDP, 0.5
MnCly, 1.5 GSH, 0.8) Man'¥c0g, 5,0 and enzyme.




After incubation at 30° for 5 or 10 min. the reaction

was terminated by the addition of 0,035 cr 0,10 ml of a
saturated solution of 2,4~dinitrophenylhydrazine in 6 M HCl.
The reaction mixtures were centrifuged and then aliquots of
the supernatant were applied in triplicate anto 1 inch
squares of whatman 3 MM filter paper, dried for S min. at
100° and the radioactivity wvas determined in a Pachard Tricard
scintillation Spectrameter. The efficiency of the counting
was reduced by the yellow colour and a0 the results vere
corrected for quenching by the chanmels ratio method
(Baillie, 1960),

246,

The activity of pyruvate carboxylase was assayed

vy a Mco, tixation method similar to that described by Barritt,
Keech and Ling (1966).

The reaction mixture contained in msoles {total volume
0.% ml) tris~Cl or Ne~ethylimorpholine-Cl (pH 8.4), 100j) ATF,
1.259 MgCl., 4.,0; sodium pyruvate, 5.0) acetyl-CoA, 0,18}
naiMco,, 5.0 and engyme. Aftar incubation at 30° for S or 10
min. the reaction was terminated by the addition of 0,05
ar 0.10 m1 of a saturated solution of 2,4-~dinitrophenylhydrazine
in 6 1 HCl. The samples were treated anxi radicactivity was
determined as described in section 2.5.

(v) spectrophotonetric assay
buring the purification of sheep liver pyruvate
carboxylape the enzymic activity was assayed by the spectro-
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photametric method described by Utter and Keech (1963),

The pyruvate carboxylase reaction was coupled to the malate
dehydrogenase system in which NADH was oxidised %o Nap®
during the convwersion of oxalcecetats to malate. The rate

of oxidation of NADH was followed in a Unicem SP 800
Iecording Spectrophotometer at 340 mn and 30°. The assay
mixture contained in umoles (total volume 1.0 ml) Tris-Cl

{pti 8.4), 1005 ATP, 2.5 nqclz. 7403 NaliCOq 203 pyruvate,
103 acetyl~CoA, 0.35; malate dehydrogenase, approcdmately

2 units) HAD, 0.12; and enzyme, Glank rates ware determined,
vhere macessary, in the absenoce of aided scetyl~Cod,

The activities of FEF carboxykinase and pyruvate
carboxylase may be assayed by the fixation of lahelled
bicarbonate to fom labelled cxaloacetate, as described in
sectiona 2.5, and 2.6 (a), respectively. In the litsrature
thare are mmerous sxanples vhere thess enzymes are assayed in
ocoupled systems so that the cxaloacetate is irmediately converted
to malate, aspartate or citrabte, Although an uncoupled system
is prodably more specific than & coupled cne, it is posaible
that vhen thes activity is sssayed in a crude homogenate oxalow-
acetate could be diverted through other pathways with loss
of label so that incorrect estimates of the activity would
be obtained,

The activities of the tvo ensymes ware therefore
assayed in a crude hanogenats of liver fras a normal sheep



by three different systems:
(a) uncoupled, oxaloacetate stabilised as the
2 y4=dinitrophenylhydrasone
(b) coupled, maloacetate converted to malate by
malate dehydrogenase
(e) coupled, oxalomcetate converted to aspartate
by glutamate-cxaloscetate transaminase.

The data pregented in Table 2.1 show that the estimate
of FEP carboxykinase activity was identical in all three
systema, However, the assay for pyruvate carboxylase activity
increased approximately 2.35-fold when & ecupled system wvas
used, Similar results vere obtained wvhen an incamplete
coupling system, containing only the ensyme was included.
This suggested that the effect was due either to bovine serm
altumin, in vhich the coupling ensymes had been diluted before
addition to the assay system, or to the presence of mmsonius
sulphate in which the coupling ensymes were suspended.
Equivalent concentrations of bovine serum allamin or ssmonium
sulphate were added separately to the assay systam. It can
D seen that the addition of mwmoniim sulphate gave almost
the same results as a camplste coupling system and it vas
conciuded that the increased activity wvas probably dus not to
a stabilisation of coxmloacetats, Mut instead to activation of
pyruvate carboxylase. Activation of purified sheep kidney
pyruvate oarboxylase by Ni,* has been obesrved (Nielsen, 1970).

The uncoupled assay system is ussd routinely in this
laboratory for studies with purified pyruvate carboxylase



A sheep liver homogenats (25%, w/v) vas pre-
pared at 2° in 0.25 M sucross containing 20 mM tris-Cl
(PH 742)y O¢) mM EDTA and 0.3 mM GSHe The hoamogenate
was sonicated for four periods of 10 sec. and diluted
ten~fold before assay.

The normal assay system for pyruvats carboxy-
lase contained in umoles (total volumel,5 ml) tris-Cl
(DH 844), 1005 ATP, 1.253 MNgCl,, 4.03 sodlum pyruvate,
$.0) acetyl-coA, 0,185 nai*¥coy, 3,05 and 0,10 m1 of
enzyme .

The normal assay systam for FEP carboxykinase
contained in mmoles (total volume 0.5 ml) tris~citrate
(PH 6¢5)y 103 PEPy 1423 IDPy 0453 Mmuz. 1.58 G8H, 048)
mit4co,, 5.0 and 0,10 =1 of enzyme.

The following additions were made vhere
indicateds sodium glutmmate, 10) pyridomal phosphate,
0,023 NADH, 00123 ssmonium sulphate, S5; bovine serum
allunin, 0.5 mg) malate dehydrogenase, 3 units; glutamate-
maloncstate transaminase, 4.5 units.

After incubation for S min. at 30° the reaction
was atopped by the addition of 0,05 ml of a saturated
solution of 2,4-dinitrophenylhydrasine in 6M HCls The
results are expressed as ymoles of CO, tixmd/mg of protein/
mndn.



Mditions Pyxuvate FEP
e M
None 3.02 3.16
Malate dehydrogenase, NADH 10.2 3.24
Glutamate-oxaloacetate 1046 3,20
transaminase, pyridoxalphos-
phate, glutamate
Malate dehydrogenase 9.49
Glutamate-oxaloacetate 9437
transaminase
Ammonium sulphate 9.7

Bovine serum albumin 3,17
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and it vas concluded that this same assay systam was satisfactory
for comparisons of activities in crude homogenates or cell
fractiona as the smw quantitative changes in ensyme levels
following physiclogical perturbation of the animal were
observed, irrespective of the typs of assay uased.

2.8, METHODS OF DISRUPTING TISSUE FOR ASSAY OF ENZMMIC

ASTRITIRS

It vas found that if tissue hamogenates were assayed
for pyruvate carboxylass and FEP carboxykinase activities,
the activity of pyruvate carboxylase was negligible although
substantial FEP carboxykinase activity was evident. It is well
xnown that the sctivities of many mitochondrial ensymes are
latent becmwe of permsability barriers pressnted to
mbstrates by the inner mitochondrial msmberans, and that the
mitochandria must be disrupted for the total activity to be
assayed,

Liver hamogenates (23X, wv/v) were prepared with a
Potter-tlveh jem hamogeniser and were diluted ten-fold for
assay of the ensymic activities,

The following treatments were used to disrupt the
tismw bofore assay!

{1) T™he hoamogenate wvas frosen and thawed rapidly
three times in an ethanol-dry ice bath.

(2) The hamogenate was soniocated for four periods
cach of ten sec. with a "Soniprobe® (Dawe Instruments, 1tde,
England) at setting 8, 3 amperes.



(3) The homogenate wvas freege=dried and then
reconstituted to the original volume with wvater.

(4) The tissue vas froszen in 1iquid nitrogen immsediately
after removal fram the animal, ground to a fine powder and
hemogenised in buftfer.

Further details of the treatments are indicated in Table 2.2.

(a) Zvvate carboxylase
From the results presented in Table 2,2 it can

be seen that sonication of the hamogenate increased the assay-
able activity approximately 10 fold. . Similar results were
obtained with an hamogenate prepared fram tissue vhich had
been fromen in liquid nitrogen. The activity wvas not incxeased
further by subsequaent freezing and thawing of the hamogenate.
The results of the sscond experiment demonstrate
that the activity is the same in either a sonicated homogenate
or ru. mstituted freeze drisd homogenate, Ffreeme drying or
sonicating also solubilises the ensyme completely.
The enzyme froam chicken liver is cold labile (scrutton
and Utter, 1965) but the results pesented for Experimsnt 3
show that the activity of sheep liver pyruvate carboxylase
is the same in hamogenates prepared at 0° or 23°, cContrary
to an earlier report (Ling and keech, 1966) it has recently
been obeerved in this laboratory that the purified sheep kidney
enzyme is not cold labile (R. Bais, J.C. Wallace and D.B. Keech,
unpublished obeservations).



IADLE 2.8 DRISRUFTION OF TISSUE FOR ASSAY OF
ENZXIC ACTINITIES
sheep 1iver hamogenates were prepared
as followa:

Exsrizmant e The liver was hamogenised
in 0,04 M trise-acetate, pH 7.4, at 23°, for assay of
pyruvate carboxylass activity. PEP carboxykinase
activity was assayed in an homogenate prepared at 2°
in 0.1 M tris-citrate (pH 6.5) containing 0.5 mM GSH.

Exxerizent 2:A. The liver hamogenates
were prepured as for Experiment 1.

Expariment 2,8 The liver was hamogenised
at 2% in 0,25 M sucroee containing 0.02 M tris=Cl
(PH Te2)s 0% mM GSH and Osl1 mM EDTA.

Sxperiment 3.:A. Sucrose hamogenates were
prepared at 2° ana 23°,

Experipent 3.8: Tris-acetate hamogenates
were prepared at 2° and 23°,

The hamogenates were treated asindicated in
the table and described in the taxt. The activities
of pyruvata carboxylase and PEP carboxykinase were
assayed by the methods described in ssctions 2.5. and
2.6.(n), respectively.



ACTIVITIES
Experi- Fyruvate FEP
ment Treatzent car lase Carboxykinas
(units/g wet (units/g wet
wt) wt)
1. (1) Hamogenate 0.08 0.64
(2) Homogenate sounicated 0,85
(3) Hamogenate frozen and thawed 0.86
(4) Homogenate of nitrogen powder 0,80 0.82
(3) Homogenate from (4) froszen
and thaved 0.82 0.87
2A (1) iomogenate sonicated 0,96 0,83
(2) Freege-dried hamogenate,
reconstituted 0.92 0.73
(3) 38,000 x g supernatant from (2) 0,98 0.81
2B (1) Homogenate sonicated 0,97
{2) 100,000 x g supernatant from (1) 0.94
(3) Freege-dried hamogenate, recon-
stituted 0.97
(4) 38,000 x g supernatant from (3) 0.96
3A (1) sucrose hamogenate (2°) sonicated 1.01
(2) sucrose homogenate (23°) sonicated 0.95

38 (1) Trig-acetate hamogenate (2°)
sonicated 0,98

(2) Tris-acetate homogenate, 23°
(sonicated) 0,97
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(b) FEP carboerviinam

The results for FEF carboykinase in Table 2.2
m.mwwthmfﬁpymuwmms in that
scnicating, freese drying or freszing in liquid nitrogen were
all egqually effective in disrupting the tissue, althaugh the
n&iﬂtr'mmmwzmtmmmm
untreated hamogsnate. This suggests that a large proportiom
of the activity is present in the cytosol, as will ke confirmed

in Chapter 4.

Freesze~dried mitochondria were pxepared fram livers
obtained fram the Metropolitan and Export Abattoirs Board.
The livers wvere stored in ice as soon as posaibls after
slaughter of the animals,

The temperature at all stages of the preparation
was maintained at 4°, After removal of connective tissue
the livers were chopped into small pieces and homogenised
for 1 min, in a wWaring Blendor with 3.5 vol., (w/v) of 0.25 M
sucrose containing O.1 mM EUTA. The hamogenate was centrifuged
at 600 x g for 20 min, and the resulting supernatant wvas further
centrifuged at 23,000 x g for 15 min. The mitochondrial
precipitate was suspended in 0.1 mM ZDTA to a volune half that
of the criginal homogenate and then recentrifuged at 23,000 x g
for 20 min. The final residue was suspended in a minimm
volmeof 0.1 mM EDTA, frozen quickly in a dry ice/ethanocl
mixture and freems-dried overnight. The freeme-dried
mitochondria were powdsred in a waring Blendor and stored



under vacum at roan temperature.

Throughout the purificstion procedure protein was
detarmined spectrophotametrically by the method of wWarburg

and Christian (1941) as described by layne (1957) The enzymic
activity vas measured by the spectrophotcmetric method described
in 2.6.(b).

Two different methods were used for the mui&um
of pyruvate carboxylase. The first method which involves
chromatography on DEAE=-Sephadex (M.C. Scrutton, perscnal
cammunication to J.C. Wallace) is the simpler and ylelds
enzyne of high specific activity. The second method is a
modification of the procedure described by Nislsen (1970)
for the purification of sheep kidney pyruvate carboxylase,
and vas used for purification of the enzyne used in some of
the kinatic studies vhich vere carried cut early in the course
of this investigation.

(1) Dugtaxs

(1) Extraction buffer: 42 mi of 0.5 M tris-acetate (pi 6.7)
30 m1 Of 0,05 M ATF, 3.0 m}) of 1,0 M Mg(nz and 798 ml of Ha0e

(i1) Buffer A contained 0,025 M potassium phosphate (pH 7.2),
0,03 M ammonium sulphate, 1 mM CDTA and 0.1 mM dithicerythritol,
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(144) Buffer B contained 0,028 M potassium rhosphate (pH 7.2),
0.3 ¥ smonium sulphate, 1 mM EDTA and 0,1 mM dithiokrythritol,

(iv) Storage buffer for purified pyruvate carboxylass contained
0.1 M potassium phosphate (pH 7.2), 1.6 M sucrose and 0,06 M
smonium sulphate.

The following procedires were all carried cut at
room temperature (23°).

Mitochendrial powder (%0 g) vas extractsd with
1164 ml1 of extraction buffer, the pii being maintained at 6.5
by the sddition of 1 X tris bass, S5tirring was continwed for
10 min, after the powdsr had been thoroughly dispersed. The
suspenaion wvas centrifuged at 23,000 x g for 20 min. and the
pH of the supernatant vas immediately adjusted to 6.9 = 7.2
with 1 M tris bese.

(3)

armondium sulphate precipitation of protedn
Solid ssmoniue suliphate (19.6 g per 100 ml of
supsrmatant) vas added slowly with stirring, the pH being
maintained at 6.9 = 7.0 vith tris base, stirring vas
contimwed for a furthsr 20 min, after all the smonium sulphate
had dissolved and the precipitated protein was then recovered
by cantrifuging at 23,000 x g for 15 min.



pitation with polyethvlene glvcol
This step rovided a slight purification as well
as desalting the protein solution prior to DEAE~Ssphadex
chromatography.

The ammonium sulphate precipitate vas dissolved in
mffer A to give a solution of volume 400 ml, Solid poly-
ethylene glycol (14.5 ¢ per 100 ml of snzyme solution) was
added with constant stirring, stirring was continued for
5 min., after all the polyethylene glycol had dissolved and the
precipitated protain was recovered by centrifuging at 23,000
x g for 13 min., The precipitate was dissolved in about 50 ml
of Buffer A. This suspension vas centrifuged at 23,000 x g
for 15 min. to remove insoluble material and the supernatant
vas retained.

(5) DEAt-sevhadex chromatograph
The supsrnatant fram (4) wvas applied to a LEAL=-
sephadex column (19 o x 4.5 om) equilibrated with Buffer A.
The protein wvas eluted with a huffered linesar salt gradient
from 0,03 M to 0.3 ¥ smonium sulphate (i.e., 750 nl of
Buffer A and 750 ml of Buffer B)., The flow rate vas 83 - 90 ml
per hr and 15 = 20 ml fractions were collectad,

The enzymic activity wvas detected using the spectro-
photametric assay and the protein concentration wvas monitored
at 2680 and 260 mue. The fractions of highest specific activity
vere pooled and the protein was precipitated wvith solid
smonium sulphate (27.7 g per 100 ml of solution), the pH
being maintained at 7.0 Ly the addition of 1 M KUH. The
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precipitate recovered after centrifuging at 37,000 x g
for 15 min. was dissolved in the storage duffer to give a
solution of concentration approximately 20 mg per ml, The
solution was rapidly frossn in an ethanol/dry ice mixture
and stored at -18°,

™he resuits from a typical purificaticn procedure
are shown in Table 2.3.A.

Mitochondrial powder (100 g) vas extracted vith
1,500 m3 of 0,04 ¥ Tris=Cl (pHl 7.4) containing 0.1 mM EDTA,
the pH of the suspension being maintained at 7.2 bythonddiuon‘
of tris base. The suspension was stirred and then centrifuged
at 23,000 x g for 20 min.

(2) ap \
Solid ssmonium suiphate (13 g/3100 ml of extract)

wvas added vith stirring to the supernatant fram (1) The
precipitate obtained after centrifuging was discarded and solid
smonium sulphate (6.6 g/100 ml) vas added to the supernatant.
mwmmwwammwmmdmm
to a final volume of 500 ml in 0.04 M €ris~Cl (piH 7.4) containing
0s) m EDTA.

EBACMLLLEN B LSl Lic AN AT AT



Mathod Treatment

(mg)}) (units) (units/mg of
protein)
As Initial extract 14,000 - -
Armmonium sulphate
precipitate 3,040 5,460 1.80
rPolyethylene glycol ;
precipitate 1,450 3,730 257
DEAL~Sephadex
chranatography,
pi 72 56 1,600 29.6
B Inttial extract 33,900 - -
: sulphate 8,430 1,260 023
precipitate
LEAE=~gellulone
’ Y
pH G5 181 640 3.33
DEAE~cellulose ‘
chromatography, v
pH 75 50 328 6,56
Sephadex G200
chromatography, ,
pH 7.0 27 230 8,52




(3) rolyethyiepe glvcol fractiomation

Solid polyethylens glycol (3.5 g/100 ml) was
added to the redissolved precipitate from (2). The suspension
wvas centrifuged and additional polyethylens glycol (12 g/100 ml)
was added to the supernatant. The precipitated protein was
recovered by centrifuging and vas dissolved in about 70 ml
of 0.01 M potassium phosphate (pH 6,5) containing 0.1 mM
EDTA, 0.1 mM GSH and 0.1 mM dithiothreitols The solution
was centrifuged to remove insoluble material and sucross wvas
dissolved in the supernatant to a concentration of 0.4 M.

The enzyme from (3) wvas applied to a DEAE-
celliulose column (3.0 x 18,0 cm) equilibrated with 0.1 M
potassium phosphate (pH 6.5) containing 0,04 M sucrose,
O¢l mM GSH and 0.1 mM dithiothreitol, The protein wvas
eluted with a linear salt gradient (1,500 ml1) of O to 0,33 M
KCls, The flov rate was 100 ml per hr and 25 ml fractions
weare collected.

The fractions containing enzyme of highest specific

activity were pooled and the protein vas precipitated by
the addition of polyethylsns glycol (20 g/100 ml). The
suspension wvas centrifuged and the precipitate wvas dissolved
in 0,01 M potassium phosphate (pH 7.5), containing 0.4 M
sucrose, 0,1 mM EDTA, 0.1 mM dAithiothreitol and 0,1 mM GSH,
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™he enzsyme fram (4) wvas applied to & DEAE-

celluloms colman (136 x 27 can) equilibrated with the sucrose-
phosphate buffer, pil 7.5. The protein wvas eluted with a linsar
salt gradient (300 ml) of O, to 0.33 M KCl, The flow rate
wvas 16 »l per hr and 4 ml fractions were collected.

The fractions of highest specific activity were
pooled and the protein was precipitated by the addition of
solid smonium sulphate (24.3 ¢/16C ml)e The precipitate
was dissolved in 0,01 M potassium phosphate (pH 7.0) containing
0.4 M sucrose, 0,1 mM EDTA, 0.1 m¥ dithiothreitol,

(6) G200 sephadex
The ensyme solution from (5) was applisd to a

G200 Sephadex column (25 x 1,8 om) equilibrated with 0.1 M
potassium phosphate (pH 7.0), containing 0.2 M KC1 and 0.1 mXM
EDTA. The protein was eluted with approximately 40 ml of the
same uffer at a flow rate of 40 - 50 ml per hr. Fracticns
of 0.5 nl were collected. The fractions af highest specific
activity were pooled and the protein precipitated and freeze~
dried. 7The dried material was dissoclved in 2 ml of H,0 and
dialysed against 0.01 M potassium phosphate (pH 7.0) containing
04 M sucrose and 0.1 m¥ EDTA., The solution was frossn in
an ethanol/dry ice bath and stored at -15°%.

The results fram a typical pwrification procedure
are shown in Table 2,3.B.




EP
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3e¢le INTRODUCTION
Changes in the activities of the key gluconsogenic

engymes have beseén observed in the liver, and to a lesser
extent, in the kidney, of the rat after various physiological
perturbations. The levels of activity of glucose=6-phosphatase
(weber and Cantero, 19545 Langdon and weakley, 1955) and
FEP carboxykinase (shrago et al., 1963; LlLardy et al., 1964)
Henning et al., 1966) increase in rat liver during fasting,
diabetes or glucocorticoid administration. However, complete
agreement has not been reached concerning the behaviour of
pyruvate carboxylase. Henning et al. (1963) have presented
evidence that the activity is increased in the liver after
cortisol treatment and other investigators (Freedman and
Kohn, 1964) Frinz and Seubert, 1964) wagle, 1964) have shown
that the activity is increased in diabetic rat liver. In
contrast to these reports, shrago and Lardy (1966) and
Struck, Ashmore and vWieland (1966) were unable to demonstrate
any increase in the activity of pyruvate carboxylase after
adninistration of glucocorticoids and Krebs (1966) found no
change in the activity of this enzyme in the livers of either
fasted or alloxan diabetic rats.

In viev of the importance of gluconeogenssis in the
metabolism of ruminants, it would be useful to have information
about the enzymatic aspects of this process in the two gluconso-
genic tissues, liver and kidney cortex. Although pyruvate

carboxylase and FEF carboxykinase have been studied in the
livers of cows in relation to bovine ketosis (Baird et al.,

19683 Ballard et al., 19683 Baird and Heitzman, 1970)
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no investigations appear to have been made on the effects of
perturbations on kxey gluconeogenic enzymes in the sheep.

In the study reported in this chapter, the assayable
activities of key gluconsogenic enzymes, in particular pyruvate
carboxylase and FEF carboxykinase, were determined in the
livers and kidneys of sheep under various conditions including
fasting of normal, pregnant or phHorhizinised animals, diabetes
induced either by pancreatectomy or by an injection of alloxan,
and administration of glucocorticoid hormones.

Glucose turnover rates vere also measured under most
of these conditions so that the changes observed in the
activities of the enzymes could be compared with the rates of

glucose turnover.

3,2, MATERIALS AND METHCDS
{a) Animals
Female albino rats (300 ~ 400 g body wt.) were fed
on a standard laboratory pelleted diet. 'Food was withheld
from starved animals for periods varying from 16 to 72 hr.
before slaughter.

Merino ewes (age 2 - 3 years) were fed daily a mixture
of 60 g of chaffed wheaten hay and 400 g of chaffed lucerne
hay for several weeks before starting the experiments.

Fasted animals vere deprived of food for the periods indicated
in the text.

All fasted animals had access to water 3d libitum.

Cortisone acetate (dispersed in sodium CM-cellulose) and

dexamethasone were administered as intramuscular injections.
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Phlorhizin was administered as a subcutanecus in jection (1 ¢
suspended in 7 ml olive oil) at the rate of 1.0 ml on the
first day and C.5 ml on each of the subsequent 5 days.
sheep wvere made diabetic either by pancreatectomy or by
an intravenous injection of alloxan (6¢C mg/%Xg body wt).
fregnant ewves (11C = 130 days gestation) were fasted for

the periods indicated in the text.

(b) sampling procedure

The animals were killed by severing the neck and
cervical cord and the tisasues were removed within 30 sec.
Thin slices (about 3 mm) of the parietal lobe of the liver of
the sheep and of the cortex of the right kxidney were immediately
immereed in liquid nitrogen. The whole liver and both kidneys
of the rat were removed and similarly immersed. About 20 min.
later for the sheep tissues and % min. later for the tissues
of the rat, the frozen material was ground to a fine powder
and thoroughly mixed in a stainless steel mortar cooled in
'liquid nitrogen. weighed portions of the frozen povder were
taken for the determination of glucose-6-phosphatase, fructose-

1,6-diphosphatase, FEF carboxykinase, pyruvate carboxylase

and glycogen.

(c) Enzyme assays

(1) EEP carboxykinase

Frogen tissue powder (1.0 g) was homogenised

3

in 3.0 ml of C.1M Tris-citrate (pt 6.5) containing 10" "M GSH

at (°. Each tissue vas assayed in duplicate. The reaction
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mixture contained in umoles (total volume G.6 ml)s Tris-
citrate (pH 6.5), 1lUj PEF, l.23 1IDF, G.51 MnCl,, 1.3) GSH,

14c03, 5.0 (counts per min. per umoler 6 x.los for rat

Ue83 NaH
liver, 3 x 10> for all other tissues) and C.Cl ml of tissue
homogenate (approximately U.5 mg protein). FEF was omitted

from the controls. The reaction mixture was incubated at 3¢°
for 10 min, and the enzymic activity was stopped by the addition
of el ml of a saturated solution of 2,4-dinitrophenylhydrazine
in 6M HC) Radicactivity was determined as described in

Section 2.5.

(ii) Eyruvate carboxylase
Frozen tissue powder (1.0 g) was homogenised in
3.0 m1 of CG.04M Tris-acetate (pH 7.4) at room temperature.
Each tissue wvas assayed in duplicate., The assay mixture
(total volume 0.5 ml) contained (in umoles) N-ethylmorpholine~Cl
(pH 8.4), 1003 ATF, 1.,2%5) MgClz. 4.,0) sodium pyruvate, 5,0

acetyl CoA, (.18} Naﬁl4

003. 5,0) and G.,01 ml of tissue homogenate
(approximately 0,5 mg protein). Two control assays, lacking
pyruvate and acetyl CoA, were included in each experiment.

The reaction mixture vas incubated at 30° for 10 min. and the
engymic activity was stopped by the addition of (.1 ml of a
saturated solution of 2,4~dinitrophenylhydrazine in & HCl.

Radiomctivity was determined as described in Section 2.5.

(1ii) igotein was estimated by the biuret method
(Gornall, bardawill and David, 1949) as described by Cleland
and Slater (1953),



86,
(d) The following assays were carried ocut by collabora-

tors in the Commonwealth Scientific and Industrial Research

Organization by the methods indicated:

Gluco‘s-ﬁ-phonphlttls vas measured as the amount of
orthophosphate releaned on incubation cf the tissue homogenate
with glucose-6-phoaphate (Harper, 1963)., For the determination
of fructose-1,6-diphosphatase activity, the 100,000 x g
cupcrnatnﬁt frow the tissue homogenate was incubated with
fructose~l,6-diphosphate (wWeber and Cantero, 1959) and the
amount of orthophosphate released was estimated.

Glycogen vas extracted from the frozen tissue powder
in 30% (w/v) KUH heated in a boiiing wvater bath and estimated
by the method of Carroll, Longley and Roe (1956).

The concentrations of glucose and total ketone bodies
in blood were determined by the methods of Huggett and hixon
(1957) and Reid (1960), respectively.

The concentration of glucose in the urine was determined
by a glucose oxidase method (Huggett and Nixon, 1957) and
nitrogen was determined by Kjeldahl digestion followed by
microtitration in the Fregl apparatus,

(e) Clucose turnoverx rates

(i} Theory

The overall rate of glucose metabolism in the body
may be estimated by the rate at which the radiocactivity of
in jected glucomse is diluted in the glucose pool. The glucose
pool is defined as the body glucose that dilutes the in jected
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14c—g1uc010. it consists mainly of free glucose dissolved

in the body fluids, although it can include other compounds

in rapid equilibration with glucose (Searle, Strisower and
Chaikoff, 19563 Steele et al., 1956; baxter, Kleiber and
Black, 195%). Very little glycogen is included in the pool
since its turnover is relatively slow (Stetten and Stetten,
1954), and Steele et 3l. (1956) have shown that in the calcula-
tion of the glucose pool size the error attributable to liver
glycogen is negligible.,

The dilution of the radioactive glucose represents
primarily the flow of glucose into the blood from a variety
of sources: hepatic glucose production by glycogenolysis
and gluconeogenesis, renal gluconeogenesis and to a limited
extent, glucose absorption from the alimentary tract. Glucose
absorption is negligible in monogastric animals in a post-
absorptive state and in ruminants fed predominantly hay diets.
Thus in ruminants the glucose entry rate mainly represents the
rate of gluconsogenssis. In the dynamic steady state the
rate of glucose utilisation is egqual to the glucose entry
rate, wvhich may then be regarded as a glucose turnover rate.

Glucose entry rates in sheep have been estimated by using
a single injection ofgfu~11g7g1uco-o (Annison and white, 1961;
Kronfeld and Simesen, 1961) or by using a single injection

foliowed by a continuocus infusion ot,f§-14g7?1“°°" (a primed
infusion) (Annison and white, 19613 EKronfeld and Simesen,

1961; Ford, 1963; bBergman, 1963),
The method used here was similar to that described by

Dagsett, Mills and Reid (1966) in estimations of glucose
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entry rates in normal and cortisol treated sheep, and vas
ﬁm an the approach adopted by Kronfeld and Simesen (1961).
These workers used the single injection technique and
progressively “peeled” the mxoimope-dinppoaxm curve
until there remained a single exponential function which wvas
coincident with the rectilinear regression line relating

the specific radiocactivities and time from 40 min. to 160 min.
They assumed that first order kinetics were applicadble and
used this function to calculate the various parameters of
glucose metabolism.

Since the experiments reported in this chapter were
carried out, white et gl. (1969) have published an evaluation
of the methods available for studying gluccse metaboliam in sheep.
They have shown that the procedure described by Kronfeld and
Simesen (1961) is an oversimplification, and that in order to
calculate these parameters accurately the whole@f the isctope
dilution curve up to 8 hr should be analysed by methods based
on campartmental analysis. white et al. (1969) have found that
with normal sheep the simplified analysis for the single
injaction technique gives resuilts similar to those obtained
by other methods, but point out that this analysis may give
rise to large errors in some physiological situations, @eges
in pregnant sheep.

Insufficient data wvere available to subject the results
in this chapter to campartmental analysis in the manner
recommended. Nevertheless, they should provide a qualitative,
if not an accurate quantitative, indication of the rates
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of glucose turnover in the sheep.

(11) Experimental
Cannulas were inserted into the left and right

jugular veinas, Z[U-lfg7bluco-o was injected. into the right
jugular (1.0 uC/kg body wt.) and at 15 min. intervals from

60U to 18C¢ min, blood samples were withdrawn froe the left jugular
into tubes containing oxalate and fluorids. The plasma was
removed and used for determination of glucose concentration and
radicactivity, The glucoses wvas isolated as the pentaacetate
derivative (Jones, 1965) and a sample of the glucose used for
injection vas treated in the same way to form standard labelled
pentaacetate. 50 mg of the pentaacetate was dissolved in 2,5 ml
of scintillation fluid and the radioactivity was determined in
a Packard Tricard Scintillation Spectrometer.

(1i1) calculations
The logarithm of the specific activity of the

plasma glucose was plotted against time. The resulting straight
1ine was extrapolated to give the specific activity of the
glucose at zero time, The initial dilution of the specific
activity cotld thus be determined and this enabled the glucose

pool size to be calculated.
The tumover rate wvas calculited from tha first order

reaction rate

U= 2,3 (b/t) log ao/lt
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vhere U is the turnover rate (mg/min/10C ml of plasma)j

b is the plasma glucose concentration (mg/10C ml) which
remains constant; a, and a, are the specific activities of
the plasma glucose at the initial and final times, respectivelys
t is the time in min. (bunn et al., 1957). when the glucose
space is taken into account, the turnover rate may be
expressed as mg/min/kg body wt. The glucose space is the
percentage of the animali's volume occupied by the glucose if
its concentration is assumed to be equal to that in the
accessible pool (ise., the plasma).

The glucose turnover rate is a metabolic rate vhich is more
closely proportional to the surface area of the body than to
the body weight. The pouir exponent used is usually G.75, which
is the same as that relating basal metabolic rate to body size.
Thus the glucose turnover rats is better expressed in terms of
mg of glucogs/min,/kg body wt“"’s wvhen the rates for animals

of different weights are to be compared.
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The activities of the four key gluconeogenic enzymes,
pyruvate carboxylase, PEF carboxykinase, fructose-l,6-diphosphatase
and glucose=6-phosphatase, were measured in the livers and kidneys
of fed and fasted sheep., The results obtained are presented in
Tables 3.1 and 3.2, and it can be seen that there wexe significant
increases in the levels of glucose~6-phosphatase, fructose-l,6-~
diphosphatase and pyruvate carboxylase but no change in PEF
carboxykinase. The changes in the activities of the kidney
enzymes were similar to those in the liver but less marked.

Since the changes in the activities of the enzymes in
sheep differed from those reported for the rat (see section 3.1),
the experiments were repeated with rats to ensure that the
‘results reported in the literature could be duplicated.
Although the rats were starved for varying periods of time,
fram 16 - 72 hr, no further increment in the activities of the
enzymes was observed after the first 16 hr and so the results
wvere grouped together for statistical analysis, These results
are presented in ‘Tables 3.1 and 3.2.

when the results for the two species are compared, one
of the most striking features is the bshaviour of hepatic
pyruvate carboxylase vhich increases four-fold in the starved
sheep vhile no significant change is observed in the starved
rat. A further major differsnce is that liver PP carboxy-

kinase showvs a four-=fold increase in activity in the rat



Glucose=6~ Fructose«1,6~
Fhosphatase Diphosphatase
(%10} (x3C)
Sheep Control 0«64 & 0,04 (6) 0e97 g V07  (6)
Liver _
Fasted 1,10 4 Cl.08 (6) 1,50 & G010 {6)
(6 days) P < Ce001 F < 0.01
sheep Control 1.17 ¢ .08  (6) 1,18 4 Gs0B  (6)
Kidney
Fasted 1.72 & 012  (6) 1.63 ¢ 012 (6)
(6 d_ay-) P < GsUd o< OeUS
Rat Control Ce51 L 4 CGe U4 (5) UeBS 2 007 (5}
Liver
' Fasted 1.29 2 CelC (5) Ue96 +* Ge0B (%)
(1‘3 dﬂy.) P < Qo200 NeBse
Rnat Control Ce77 4 006 (8) 1,07 & G.09 (s)
kidney
rasted 1.01 * CeG8 (S) 1,19 + UelC {(3)
(1-3 days) F < 0l05 NeBe

The activities of glucose-6-phosphatase and fructose-l,t-
diphosphatase were assayed by the methods described in Section
3.2{c) in liver and kidney preparations, from sheep wvhich had
been fasted for 6 days and rate wvhich had been fasted for 1-3

days.

The specific activities are expressed as moles of
phosphorus produced per mg of protein per min.
SeE+M. i3 given with the number of animals in parentheses.

The mean ¢

The statistical significance for the comparison bstween the

fed and fasted animals is indicated.

n:s., = not significant.



TABLE 3,2: EFFECT OF F N _THE SPECI v

Fyruvate FEF
Car lase Carboxykinase
(x107) (x105)
sheep Control 3.86 ¢ 040 (12) 3435 £ Ge23 (24)
Liver  pasted 14.8 4 2.0 (7) 2496 ¢ Ce29 (7)
(6 d‘y‘) F < (00001 NeBe
TP
sheep Control 7410 4 Ce55  (9) 5.24 & Ge33 (9)
Kidmy Fasted 108 + 3.2 (5) 5.0 > Ce26 (5)
(6 dnys) F < 003 n.s.
Rat Control 3,51 ¢ 024 (5) U.62 2 CeUB  (5)
Liver  rasted 4.19 5 0,32 (5) 2,53 & 03¢ (5)
(1=3 days) nese P < 0001
Rat control 4,95 & 0427 (5) 5.11 + 035 (5)
Kidney  cagted 6428 ¢ 0e39 (5) 7.85 3 G.dl  (5)
(1-3 days) I < 0s0S P< Gl00L

The activities of pyruvate carboxylase and rEiF carboxykinaese
were assayed by the methods described in section 3.2(c) in homo-
genates of liver and kidney ffom sheep which had been fasted for
6 days and rats vhich had been fasted for l-3 days. The
specific activities are expressed as ymoles of CG, fixed per
min. per mg of proteins The mean + S.5.M. is given with the
number of animals in parentheses. The statistical significance
of the comparison betwveen the fed and fasted animals is
indicated.

ness = not significante.
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vhereas in the liver of the sheep the activity of this enzyne
remains unchanged after 6 days' starvation. An increase
in glucose-6-phosphatase vas found in both rats and sheep
on starvation, but although no significant change in the
activity of fructose-1,6~diphosphatase was observed in the
rat tiesues, a small but significant rise was apparent in sheep
liver, |

Determination of the concentration of glycogen in the
1ivers of sheep and rats indicated that vhereas in the rat
the glycogen was almost depleted after fasting overnight,
in the sheep the norﬁal level of 36.3 + 5.0 mg/g wet wt
(mean + 5.E.M. for 6 sheep) was only reduced to 17.C ¢ 3.5
' mg/g wet wt after 6 days' starvation. At the same time an
increase in the concentration of kxetons bodies from a normal
level of 1.7 4+ G.3 mg/1C0 ml of blood to 9.7 2 3.1 mg/10C ml
of blood (6 observations in each group) was observed.

The moat striking feature in these results was the bshav-
iour of pyruvate cn:boxflana and PEF carboxykinase. Therefore,
in nubuqdent studies attention was focused on the activities

of these twvo enxymes.

{b) Effect of glucocorticoids and Q;g tes on pyruvate

As vas discussed in section 3.1, it is generally
agreed that diabetes andadministration of glucocorticoids
cause a marked increase in the activity of FEF carboxykinase
in rat liver, but there are canflicting reports about the

behavicur of pyruvate carboxylase. Prior to an
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investigation of the effects of these perturbations on the
enzynes in sheep, the activities were assayed in the livers
of rats injected with dexamethasone or made diabetic by an
injection of alloxan. The results are presented in Table 3,3,
The rats were ssverely diadetic, as indicated by the increased
level of activity of FEF carboxykinase and the elevated blood
glucose levels vhich exceeded. 250 mg/10C ml, but there was
only a 50% increase in the activity of pyruvate carboxylase.
Dexamethasone had a similar effect on the level of pyruvate
carboxylnaulnctiv;ty.

The results shown in Table 3.4 indicate that, in

contrast to data reported for rats, there is no change in the
activity of vEF carboxykinase in the livers of sheep in which
the plassa glucose levels have been maintained at approximately
tvice the normal level during several days of cortisone
administration. Furthermore, a significant decrease in the
activity of pyruvate carboxylase occurred in both the liver
and kidney., vhen the synthetic glucocorticoid, dexamethasone,
was administered the results were similar to thoss cbtained
with cortisone. The results shown in Table 3.4 are the means
of values obtained for varying psriods of hormone administration.
Since the effects were similar over the varying time period,
the results were pooled for statistical analysis.

when the time course for the effect of glucocorticoid
administration isexamined it can be seen that the liver and



Pyruvate
Carboxylase
(x107)

FEF
car
(xdod)

Control

Diabetic
(Alloxan)

3,52 + Ce24 (5)

529 ¢ Ue15 (3)
F < 0.005

5024 i 0048 (4)
o< Qa2

Geb2 4+ o8 (5)

-

3.07 : 69 (4)
F o= Qa1

The activities of pyruvats carboxylase and PEF carboxy-
xinase were assayed by the methods described in section 3.2(¢)
in homogenates of liver from normal rats, rats injected with
1 mg of dexamethasone per day for 3 days, and rats vhich had
been given an injection of alloxan (60 mg/kg body wt) 4 days

prior to killing,

The specific activities are expressed as

pmoles of CU, fixed per min per mg of protein. The mean

4+ S.E.¥. is given wvith the number of animals in parentheses.
The statistical significance of the comparieon with the
normal animals is indicated.



TABLE .41

Treatment Liwg Kidney
(x10°) (x109)
As 1YIW.“ control 3.86 + LedO (12) 7410 2 CeS55 (9)
Carboxylase  .,reisane 1.86 & C.28 (5) 3.98 3 0.16 (4)
‘ P < GeGl P < Gell
Dexamethasone 1,25 z Celd9 (4) 3,38 2 CsdlC (2)
P < Oell F < CeC2
Be FEP Cantrol 3.35 3 0e23 (14) 5.24 g 0.33 (9)
S oy Cortisone  3.47 & 0.26 (5) 6427 3 Us25 (4)
NeBs NeSoe
Dexamethasone 3.88 ¢ 0.40 (4) 5.92 & .10 (2)
NRelie TieBe

The activities of pyruvate carboxylass and FEP carboxykinase
vere assayed by the methods described in section 3.2(c) in hamo-
genates of liver and kidney from normal sheep, and sheep which
had been injected with cortisone or dexamethascne. The detsils
of the hormone administration are given in Table 3,5. The
specific activities are expressed as pmoles of CGO, fixed per
min. per mg of protein., The mean & S5.E.M. is given with the
number of animals in parentheses. The statistical significance
of the comparison with the normal animals is indicated,

ness = not significant.



KIDNEY OF THL SHEEP

Treatmaent Dose/day No.of Fyruvate Carboxylase FEF Carboxykinas
(mg/kg) days
Live Kidney Live Kidne
(x167)  (x109) (x103) . (x103
control G 3.86 7.0 3,38 S.24
Cortisone 2.5 3 265 3.45
S.C 3 1.25 3.9 2.70 6.32
560 s 2:3C 4,12 3.14 6.80
5.0 5 2,17 3.92 4,23 5,60
S.0 7 © 1.18 3,99 3.82 65.36
Cartisone Seae text 1 2:93 4.09 3.48 1Ge2
cortisone
(fasted) 25 6 Se47 4,47 3,73 9.31

lexmaethasone Cel3 2 1,36 3.47 3.27 6.02
Gel3 3 1.99 4.9
025 3 1.04 3,97
0.25) g; G460 3.38 3,30  S.82

Ue63)

The activities of pyruvate car lase and FEF carboxykinase
were assayed by the methods described section 3.2(c) in homo=
g:mt.ns of liver and kidney from sheep which had been given daily

tramuscular injections of the hormones as indicated. e sheep
was fasted thr t the cortisone treatment, and another sgheep
wvas fiven intensive treatment over 24 hr. The values for the
controls are taken from Table 3,4, The specific activities are
expressed as umoles of CC, fixed per min. per mg of protein.
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xidney differ in their response. The results for cortisone
are presented in Table 3.5. There is a tendency for the
decrease in the activity of liver pyruvate carboxylase to
continue as the treatment is prolonged, wvhereas the kidney
enzyme shows no further decrease after 3 days' treatment.

The liver enzywe also decreases to a greater extent than that
in the kidney. This is similar to the situation in fasted
sheep vhere the response of the liver enzyme was the more
pronounced,

The time course for the effect of dexamethasone (Table
3.5) was similar to that for cortisone, although, consistent
with the reported properties of synthetic glucocorticoids,
dexamethasone was more potent in its action. It can also be
pseen that a larger dose of hoymone caused a greater reduction
in enzyme activity for the same time period. The activity of
PEP carboxykinase in the liver and kidney remained constant
during the administration of either hormone.

Normal levels of FEP carboxykinase were observed in
sheep liver after 2 or 3 days' treatment, but the possibility
existed that tbcre wvas an initial increase in the level of
FEP carboxykinase wvhich subsequently returned to .normal,
Therefore one sheep vas gijnn intensive treatmentover a
period of only 24 hrs This invoivcd an initial intramuscular
injection of cortisone acetate (2.5 mg/kg) followed 8 hr later
by a second injection and 21 hr later by an intravenous injection
of hydrocortisone succinate (2.5 mg/kg). At the time of
slaughter (24 hr after the initial injection) the plasma

glucose was elevated from a normal level of about 5¢ mg/1CC ml
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to 90 mg/100 ml. The enzyme pattern (Table 3.3) is similar

to that in animals treated for long periods of time. Liver
FEF carboxykinase is unchanged in activity although there does
appsar to be an increase in kidney PEPcarboxykinase activity.

Since fasting causes an increase in the level of pyruvate
carboxylase while glucocorticoids causs a decreass it was of
'interest to measure the engymic activities in an animal which
had been injected daily with cortisone during a 6 day period of
starvation. The cortiscne administration almost campletely
prevented the marked increase in pyruvate carboxylase usually
observed after fasting. FEF carboxykinase remained unchanged
in the liver, although there was a slight increase in activity
in the kidney.

It can be seen from Table 3.6 that diabetes induced
in sheep either by pancreatectamy or by an injection of alloxan
leads to an increase in the levels of both pyruvate carboxylase
and PEP carboxykinase in the liver. The data presented in
Table 3.7 indicate that the alloxan treated animals were more
ssverely diabetic than those vhich had been pancreatsctomised.
The conditions of hyperglycasmia and ketosis were more severe
in the alloxan diabetics, and despite approximately the same
food intake, a much greater excretion of glucose and nitrogen
occurred in the alloxan diabetic sheep. This could be indicative

of a greater degree of gluconsogenssis fram protein in these



Treatment Liveg y ‘{M’S{

(%10 x1G
A+ FPyruvate Control 3.86 * O.40 (12) 7.10 + Ge55 (9)
Carboxy-
lane Diabetic 18.4 < 1,7 (4) %76 + Ced3 (4)
(Allcxan) ¥ < 04,001 NeSse
Diabetic - 14.1 ¢ 3.4 (3) 535 & 0,24 (3)
(a‘:ﬁ?“.- F = U001 NaBs
Be FPEF Control 3.35 L4 Ged3 (14) S+24 k3 ve33d {(9)
carboxy=  ,igpetic 8407 4 Us73 (4) 6483 & 2,00 (4)
kinase (Alloxan)
P << Ge0OX NeSe
Diadetic 576 2 Oe41l (3) 5.78 b4 1,43 (3)
(?W" Fo< 0l NeSs

The activities of pyruvate carboxylase and PEF carboxykinase
vere assayed as described in section 3.,2(c) in homogenates of
liver and kidney from normal shegp and sheep which had been
made diabetic either by pancreatectamy or by an injection of
alloxan (60 mg/kg body wt). The specific activities are
expressed as umoles of CO, fixed per min per mg of protein.

The mean ¢ S.E.M, is given with the number of animals in
parentheses. The statistical significance of the comparison
with the normal animals is indicated,

Nes. = not significant.,



TABLE 3,71 METABOLITE

Alloxan Depancrea~-
Gantrol piabetic tised

rood intake (g/day) 1600 625 & 38 914 3 117

Plasma glucose 51.3 ¢ 1+3 184 ¢ 26 159 & 21
(mg/100 ml)

Ketones in blood led £ 002 36 » 4 11 ¢ 2
(mg/100 ml)

Glucose in urine c 53 4 6 30 2 3
(g/day)

Ni» n in urine 6.7 2 Ce7 12.6 * UeS 5.6 2 0s5
(g/day) :

The concentrations of glucose, ketone bodies and nitrogen
were determined as described in section 3.,2(d) over a 4 day
period in normal, depancreatised and alloxan diabetic sheep.
The results are given as mean g S.E.M.
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animals and would be consistent with the higher specific
activities of both enzymes in the liver,

it is somevhat surprising that thers is no increase in
the activity of either enzyme in the kidneys of diabetic sheep.

Treatment vith phlorhizin imposes a glucose demand on

the animal due to a lowered renal threshold for glucose.

The results presented in Table 3.8 show no change in the
activity of sither enzyme in liver or kidney following the dally
administration of phlorhizin for 6 days to fed sheep. The
sdequacy of the phlorhizin treatment was indicated by the daily
excretion in the urine of 15-2¢ g of glucose. However, when two
animals were fasted during the phlorhizin treatment a substantial
increase in the activity of pyruvats carboxylass in the iiver
vas obssrved. There was no change in P:iPF carboxykinase in the
l1iver but an increase in the activity of this enzyme occurred
in the kidney.

The conosntration of total ketone bodies vas increased to
7«8 mg/100 ml of blood in the phlorhizinised animals when
fasted, compared with a valus of 2-3 mg/1CC ml when fed.

(£) Effect of fasting on pyruvate carboxylase and Fii

i1t has long been recognised that pregnant sheep,
particularly those with twvin foetuses, are susceptible to
severs hypoglycasmia and ketosis during the last fewv weeks of
pregnancy. In an experimental situation starvation can



—— sy
A. Pyruvate  Control ‘3,86 + 0«40 (12) 7410 + G55 (9)
AFPOXY™  Phlorhimin 3,68 s 0019 (2)  6.78 2 037 (2)
(ch) NeBs Tiele
Fhlorhizin 13.3 & 1.7 (2)  8.98 & 0.73 (2)
(Fasted) F < 00001 NeSs
Be BEP Control 3.35 & 0e23 (24) 5.24 + 0433 (9)
CArbOXY"  Fhlorhizin 3,46 3 0,68 (4) 8414 % (.29 (2)
(Fed) NeBe P < 0s00U5
Fhlorhizin 3.78 &+ 0.27 (2) 7492 & 070 (2)
(Fmd) TeBe P << Ce01

The activitiss of pyruvate carboxylase and PEF carboxykinase
vere assayed by the methods described in section 3.2(c) in homo-
genates of liver and kidney from normal sheep and sheep which
had been injected with phlerhizin. Fhlorhizin wvas administered
daily for 6 days as indicated in section 3.2(a) and two of the
animals were fasted throughout the period of phlorhizin
administration, The specific activities are expressed as
pmoles of CO, fixed per min per mg of protein, The mean ¢
S+EM. 18 given with the number of animals in parentheses,

The statistical significance of the camparison with the normal
animals is indicated.

ness = not significant,
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seproduce most features of this ovine pregnancy toxasmia. The
results in Table 3.9 shov the activities of the enzymes and
the plassa glucose levels in ewes which were starved for
increasing periods of time during the later stages of pregnancy.
As the time of starvation vas increased hypoglycaemic ketosis
(30 = 60 mg of total ketone bodies/100 ml of blood) developed
and pyruvate carboxylase increased markedly in both the liver
and kidney. In the more severely hypoglycasmic sheep there
wvas a tendsncy for PEF carboxykinase to increase in activity
in the liver, vhile a very pronounced increase in activity vas
observed in the kidney.

(9) Slucoge turnover rates

' The values obtained for various parameters of glucose
metabolism under conditions of physiological perturbation are
presented in Table 3.1C.

Fasting caused a decrease in the glucose pool size and in
the glucose turnover rate, in agreement vith observations by
Kronfeld and Simesen (1961) and Bassett, Mills and reid (1966).
Cortiscne treatment appearsd to cause a slight increase in
the turnover rate vhile the value obtained for the animal
which vas fasted during the pariod of cortisone administration
wvas slightly less than the controls. These observations are
similar to those reported by Bassett, Mills and Reid (1966).
Alloxan diabetes caused a three-fold increase in the pool size,
wvhile the turnover rate increased by about 50%. The most
pronounced changes in glucose turnover rates occurred during
phlorhizin administration. Both the pool size and the glucose



'rh(lga f':;;md éi:m Postus Wt. FPyruvate Carboxylase FEP Carboxykinase
#g/100 m1) (xg) Live Kidngy Li Kidney
{(x1 (x103) (x;:)s) (x1¢3)
(¥ 50.4 3.2 4.15 Bel4 2.51 5.86
2 5.5 ' 4.9 5.25 6035 295 $.22
3 24.9 4.0 7443 3.35
4 12.5 0.8 902‘2 3i09
L1 21.9 1.9 13.3 8.96 4.68 12.3
& 9.0 3.7 16,5 12.1 $.83 15.9
11 G5 3.0 18,0 9,06 5.72 14,5

The activities of pyruvate carboxylase and FEF carboxykXinase were assayed by the

methods described in Section 3.2(c) in homogenates of liver and kidney from pregnant
The apecific activites are

sheep fasted during the latter stages of gestation.
expressed as (moles of 002 fixed per min per mg of protein.
tions were estimated as indicated in Section 3.2(d).

Flasma glucose concentra-



Flamsaa Gluncose Glucose Turnover Rate

Fody Wt. ‘
(xg) (-25323’:1) P?;? <x§§?°§oq, vt.) mg/min/xg"" ™
control (6) 35,5 » 1.8 57.8 # 3.9  5.57 £ Ge36  27.6 % 1.8 3.07 3 G.15
piabetic (4) 30.7 « 2.7 228 4 32 18.4 3 2.3 21.7 & 244 433 & C.55
Fasted 25.5 44.7 2.92 25.7 2420
i 27.1 54.7 " 3.37 22.8 2.35
Fhlorhizin 42.7 52.0 6052 29.4 5.73
50,7 53.1 8,93 33,2 7.15
Fhlorhizin 37.6 41.6 7.07 45.2 5.80
(fasted) 4.7 43.5 8414 39.3 5.18
Cortisone 2¢.5 55.3 2.73 24.0 3,51
24.4 54.2 3.41 25.8 4.07
Cortisone 21,0 67.5 4.12 29.1 2.29

{fasted)

The various parameters of gigcm metabolism were calculated from the rate of dilution
of a single injection of/T-1%c/gilucose as described in Section 3.2(e).

The sheep were treated as indicated in section 3.2(a). Diabetes vasinduced by an inject-
jon of alloxan. Cortisone (2.5 mg/Xg body wt) was administered daily for 5 days. (ne
sheep was fasted throughout the period of cortisone administration. The animals were not
fed on the day of the experiment. The results are expressed as maan ¢ S.E.M. for the
control and diabetic animals, with the number of animals in parentheses. The individual
values are shown for treatments in which anly two animals were examined.
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space were increased while the glucose turnover rates were
approximately twice those obtained in controls. Fasting had
very little effect on one of the phlorhizinised animals,
except that the glucose space was increased still further,
but in the other animal there was a decrease of about 30Uz in

the turncver rate.

3.4.  DISCUSSION

(a) Easting
In the fed rat the hepatic activity of FEF carboxy=-

kinage is very low, and the four=-fold increase in the activity
in the fasted rat is consistent with increased glucose production
via oxaloacetate. liowever, in the fed sheep the activity of
this enzyme is relatively high and vhen the animal is fasted

the gluconeogenic demands for metabolic flux through the
oxaloacetate-~FES pathway may be no greater than in the fed
gtate, since during fasting the glucose turnover rate is
reduced. In the fed sheep most of the glucose used is
synthesised through the gluconeogenic pathway and so a descrease
in glucose turnover rate in the fasted animal may be indicative
of decreased flux through this pathway. The decrease is not
very large and emphasises the important contribution to glucose
synthesis of sources other than propionate as the concentrations
of volatile fatty acids in the rumen of starved sheep are low
and the entry ofpropionate from other scurces is probably
negligible, The entry rate of non-esterified fatty acids is
increased (leat and Ford, 1966) on starvation and it has been
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estimatad that glycerol, available from increased lipolysis
{ bergman, 1968) could replace approximately half of the
propionate which woulid normally be availabls.

Tissue protein is another source of gluconsogenic
subsatrates during starvation. work in Cahill's laboratory
(0wen et als, 1969) on humans has shown that alanine is quanti-~
tatively the most important single gluconeogenic precursor
among the amino acide tested. The amounts of alanine extracted
by the liver are far in excess of the amount which could be
derived from protein hreakdown (Felig et 3l., 1969), and from
data obtained using rats it has bsen suggested that alanine
may serve a carrier function in the transport of nitrogen from
peripheral tissues to the liver (:trosnan, Krebs and wWilliamson,
19673 Mallette, Exton and Fark, 1969). It has also been
speculated that alanine is the carrier of carbon atoms of
gluconeogenic amino acidas. In muscle and other tissues partial
degradation of glutamate and aspartate to pyruvate would then
allow the three carbon atoms, together with the nitrogen of
theese amino acids to be transported to the liver in the form
of alanine., Purines and pyrimidines would be other sources of
nitrogen. If alanine has a similar role in sheep, this may
account for the high activity of pyruvate carboxylase in the
liver of the fasted sheep.

(b) Glucocorticoids

Neither fasting nor glucocorticoid administration led
to an increase in the activity of hepatic PEF carboxykinase
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in sheep, The sheep is not the only species in which the
behaviour of FiF carboxykinase on fasting differs from that

in the rat, since no increase occurs in the livers of pigeons
(Gevers, 1967) or lactating cows {(Ballard et al., 1968) when
fasted. Furthermorse, the effect of glucocorticoids in

causing an increase in FEF carboxykinase in the liver of the
rat does not apply to all species. lLardy st al. (1964) showed
that the activity of this enzyme was not increased in guinea
pigs and results presented here indicate that there is no
increase in hepatic PEP carboxykinase in sheep in which the
plasma giucese concentration has been maintained at a level
higher than normal during a period of glucocorticoid administra-
tion. Bassett, Millis and Reid (1966) have reported that the
hyperglycasmia in sheep during cortisol administration cannot
be accounted for by increased gluconeogenesis. They suggest
that an inhibition of glucose utilisation occurs, leading to
an accumulation of glucose in the plasma vhich in turn leads
to a normal rate of glucose utilisation at the higher plasma
concentration. Under these conditione there would be no need
for an increase in the activity of P:P carboxykinase.

The only other report of the effects of glucocorticoids
on PEP carboxykinase in ruminants is that of Baird and Heitmman
(197¢) who found that this enzyme was increased in the livers
of lactating cows when compared with non-lactating cows, and
that this increased activity was depressed to a normal level
48 hr after administration of voren, an ester of dexamethasone.
Howover, in agreement with the results obtained in sheep,
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the hormone had no significant effect on the activity of rEr
carboxykinase in the livers of non-lactating cows.

e fall in the activity of pyruvate carboxylase follow-
ing glucocorticoid administration to & fed sheep say be
asmociated with the mobilisation of protein and increased
availability of amino acids which could augment the supply of
oxaloacetate already coming from propionate, and thus lead to

a lowered activity of pyruvate carboxylase.

(c) Diaketes and phiorhizin
Cf the treatments used, only diabetes and prelonged
starvation cof pregnant ewes led to an increase in the activity
of hepatic FEF carboxykinmrse.

The change in the activity of ¥ carboxykinase in the diabetic
animal is consistent with increased glucose production by the
liver as indicated by the increaped glucoss tuénover rate.
it is interesting that there was a very marked increase in
glucose entry rate in the phlorhiginised animals although their
urinary glucose excretion was less than that in the diabetic
animals, lack of insulin in diabetes causes inhibition of
glucose uptake and utilisation by peripheral tissuwss. Therefore,
in spite of the amount of glucose excreted, it xay be that the
total reguirement for glucose is mi: very much greater than
normal. (n the other hand, phlorhizinised animals excrete
glucase, but probably continue to utilise it at a normal rate.

i dogs infused with phlorhizin for short time poriods the
hepatic glucose ocutput is increased and compensates for the
glucose excreted, while the uptake of glucose by peripheral
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tissues is unaffected (Kolodny, Kline and Altsmuler, 1962).

In-th- diabetic animals the increases in pyruvate carboxy-
lase and FEr carboxykinase are probably associated with the
increased glucose production by the liver., However, although
there is a large increase in glucose entry rate in the phlor-
hizinised animals, both enzymes remain unchanged, except that
pyruvate mbouqvlgn increases vhen the animals are also fasted.
Thia suggests that the increased glucose production may be from
precursors which are different fram those utilised in diabdetes,

(4) Easting during preqnancy
In pregnant sheep the rate of endogenocus glucosse
production and utilispation is higher than in the non-pregnant
animal (Bergman, 1963, 1964)., When a pregnant sheep is fasted
the glucos;: entry lrate decreases, but is still higher than that
observed in a comparably fasted non-pregnant sheep.

The turnover of glycerol is greatly elevated during hypo-
glycasmic ketosis (Bergman, 1968) hut is obvicusly insufficient
to meet the animal‘'s requirement for glucose.

As pregnant fasted sheep become progressively hypo-
glycaemic there is an increase in ketone body production and
plasma free fatty acid levels (Reid and Hogan, 1959; Reid
and Hinks, 1962), when the blood glucose isvel falls below a
critical level of 25-30 mg/100 ml there is a disproportionate
increase in blood ketones, associated with little further
increase in free fatty acids. Reid and Hinks (1962) have
suggested that in severely hypoglycasmic pregnant ewes, fatty
acid synthesis, mobilisation and oxidation are affected by
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endocrine changes, including increased plasma cortisol levels,
probably associated with reduction of insulin secretion

(Reid, 19603, It is interesting to note that it was under
conditions such as these that the hepatic activity of PeP
carboxykinase tended to increase in fasted pregnant swes,

In the ruminant liver, gluconsogenesis is an essential

metabolic process under all conditions and glycolysis probably
occurs onl; to a very limited extent. Very little is known
about glucose metabolism in the kidney of ruminants. The

results obtained during this investigation suggest that under
saw conditions there may be important differences in the control
of metabolic processes in the liver and kidney.

Under most conditions of perturbation, except diabetes,
pyruvate carboxylase in liver and kidney responded similarly,
auhough.m response in the kidney was usually less pronounced.
¢n the other hand, kidney FEFP carboxykinase increased more
readily than the liver enzyme. Significant increases in
activity vere observed in the kidney of fasted pregnant ewes
and phlahizinised animals, vhereas the activity of the liver
enzyme tended to increase only during prolonged starvation of
pregnant ewves and remained unchanged with phlorhigin treatment.
it is possible that the increassd activity in the kidney may
be associated with metabolic ucidonh. which has been shown in
rats to increass the activity of PEP carboxykinase in the
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xidney (Alleyne, 1968).

In the diabetic sheep both pyruvate carboxylase and FEP
carboxykinase increased in activity in the liver, and although
the high concentration of ketone bodiss in the blood may. lsad
to acidosis, neither enzyme increased in activity in the kidney.
The reason for this apparently ancmalous bshaviour is not xnown.
It suggests either that the enzymes in the liver and kidney
are controlled by different factors or else that in diadbetes
the envirorments in the liver and kidney differ, such that
conditions necessary for the induction of the enzymic activity
do not arise ir the kidney.
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4.1, INTRODUCTIOH

It was shown in the previcus chapter that the activity
of pyruvate carboxylase increased markedly in the 1ivers of
fasted and diabetic sheep, vhereas hepatic FEF carboxykinase
increased only in the diabetic animal. Before a study of the
nature and cause of the changes in the activity of these
engymes could be undartaken it vas necessary to determins the
intracelliular distribution of each of them in the. livers of
normal shesp and to establish whether this distribution was
altered when the sheep were mbj‘gud to physiological
perturbations.

There is species variation in the subcellular distribution
of FEF cu‘bﬁxykinan in the liver. In the rat and mouse
(1iordlie and lLardy, 1963) most of the activity is found in the
cytosol, while in other mammalian species examined, yiz..
guinea pigs, rabbits (nNordlie and lardy, 1963), pigs
(swiatek et al., 1970), cows (Ballard, Hanson and Kronfeld, -
196¢), sheep (Ballard and Hanson, 1969) and humans (Ballard
and Hanson, 1969) there is significant activity in both the
cytosol and mitochondria. V\ith the exception of the pig
(swiatek @t al.s 1970), it has been found that in those
species in which the effects of diet and hormonal treatments
have been tested only the cytosol enzyme is inducible
(Lardy et al.s 1964; Lardy, 19653 Nordlie, varrichio and
Holten, 1965). In pigeons (Gevers, 1967) and chickens
(Utter, 1959), FEP carboxykinase is confined to the mitochondria
and its activity is not increased by starvation.



76.

The intracellular distridbution of pyruvate carboxylase
is less clearly understocod. The enzyme in avian liver is
located primarily in the mitochondria (keech and Utter, 1963).
Same studies have indicated that the snzgyme is exclusively
mitochondrial in rat liver (Freedman and Kohn, 1964) Brech,
Shrago and iilken, 1970; bottger et al., 1969; Ballard,
Hanson and Reshef, 1970), while other authors claim that
there is significant activity in the cytosol (Henning et 3l.«,
1966). Furthermore, agreement has not been reached concerning
the behaviour of pyruvate carboxylase following phyaicliogical
perturbation of the animal, Although some investigators have
reported increased levels of activity in the livers of fasted,
diadetic and glucocorticoid treated rats (Freedwan and Kohn,
19643 Frinz and seubert, 1964) vagle, 1964y “enning et al.
1966), others have found no change in the activity under these
conditions (Krebs, 19663 shrago and lardy, 19663 Struck,
Ashmore and Wieland, 19663 BDBrechy Shrago and Wilken, 1970).

In this investigation the intracellular distributions of
pyruvate carboxylase and PEf carboxykinase have been dqumimd
in normal, starved and diabetic sheep. In all three conditions
approximately one-third of the total PEF carboxykinase activity
was found in the mitochondria, the remainder being in the cytosol.
in the liver of the diahetic sheep the activity increased to a
similar extent in both fractions. ¢n the other hand, the data
indicate that under all of the conditions investigated,
pyruvate carboxylase is exclusively mitochondrial in vive.
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procedures The cell fractiona-
tion procedure was similar to that described by Keech and
Utter (1963). The tissue was hamogenised with five strokes
in a Fottsr-ilvehjem hoamogeniser at 2° in C.25¢ sucrose
containing C.lmM EDTA, O.5mM GSH and 20mM tris~Cl, ptH 7.2.
Particulate fractions were suspended in this medium and

sonicated for four periods of 1C sec. before assay.

ation procedure Mitochondria

vere fractionated by the method of Schnaitman and Gresnawalt
(1968) as modified by brdiczka, Gerbitz and lette (1969)., The
fractionation scheme is shown in Fig. 4.1, The sucrose medium
used throughout the procedure contained C.25M sucrose, O.lmM
EDTAs UeSmM GSH and 2(mM trie~Cl, PH 7.2. The initial
mitochondrial suspension contained approximately 100 mg of
protein per ml. The inner and outer membrane fractions were
suspended in the above sucrose medium,

{c) Enzyme apsays: All assays were carried out at

3¢°. Froduct formation was proportional to enzyme concentration
and time under the conditions used,

(L) FEY garboxykinsge was assayed by the method
described in Section 2.5,

(i4) Pyruvate carboxylagpe was assayed by the method
described in Section 2.6da).
 was assayed by the method of
Tabox, Tabor and Rosenthal (1954) as modified by sSchnaitman,

Erwin and Greenawalt (1967). The rate was measured against



SHEEP LIVER MITOCHONDRIA SUSPENDED IN 0.25 M SUCROSE INCUBATED

20 MIN WITH 1.1 MG DIGITONIN/10 MG FROTEIN

15 min. 9,500 x g

) V)

Precipitate resuspended Supernatant
in 025 M sucrose

15 min. 9,500 x ¢

<
Precipitate Supernatant

Resuspend in
0.1 M phosphate
buffer, pH 7.2

Sonicate
4 x 10 sec.

20 min. 144,000 x g 45 min. 144,000 x ¢«
L J N R 2
Precipitate Supernatant Supexrnatant -- Precipitate
INNER MEMBRANE MATRIX INTERMEMBRANE QUTER
SPACE MEMBRANE

FIG. 4.1, Flow-sheet for digitonin fractionation of
isolated mitochondriae
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a control cuvette from vhich benzylamine hydrochloride had
been amitted.

: wvas assayed by the method
of Bonmer (193%), except that the reaction mixture contained

imM KCN and the pH wvas 7.6 Succinate wvas omitted from the

control,

(v) gcitzate synthase was assayed by a modification of
the method of Srere (1,96§) in which the rate of reduction of
5,5'=dithiobis~ (2-nitrobenzoate) (DTNB) was followed. The
system contained U.l13mM acetyl-CoA, The control rate wvas that
cbserved in the abeence of added oxaloacetate. The rate in
both the test and control followed a biphasic pattern with
a rapid initial rate (probably due to the reaction of DTNB
with GSH as well as citrate synthase activity) and then a
slower rate being the citrate synthase activity alone. Mw:.
the same result for net citrate synthase activity m obtained
by taking the difference between test and control rates toa;
either the fast or slov phases cfthe reaction.

(vi)
bared on that of Colman and Frieden (1966). 1he reaction

s vas assayed by a method

pixture contained 10C m¥ tris<~Cl (pi 7.4), SaM ~ketoglutarate,
SmM ADF, 50mi NH401, Oe3mM NADH and enzyme. o -hatoglutarate
wvas omitted from the control.
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(4) Fartial purification of pyruvate carboxylase fpom
gheep liver cytQgol

A 20% (w/v) homogenate of liver from diabstic sheep
wvas prepared at 4° in 0,2%¢ sucrose containing U.lmM ZOTA and
20mM tris=Cl, pH 7.2, The homogenate was centrifuged for 60 min,
at 35,000 x g and the resulting supernatant vas centrifuged
for 3G min. at 105,000 x g The supernatant wvas taken to 35%
_saturation by addition of a cold saturated solution of
neutralised ammonium sulphate, The precipitate obtained
after centrifuging vas dissolved and stored at -15° in &
solution epntaining 1.6M sucrose, O.06M (}u}i4)2304. and O.1M
potassium phosphate, pH 7.2. This encyme was used for all
immunochemical experiments.

(e)

Fyruvate carboxylase was purified fram the mitochondria
of normal sheep liver to a specific activity of 15 units per mg
of protein by the method described in section 2.10(a).

A rabbit wvae immunised with sheep liver mitochondrial
pyruvate carboxylase (15 units per mg of protein). The
enzyme vas diluted with Freund's adjuvant and approximately
1 mg of protein was injected subcutanecusly into each of four
sites, This procedure was repeated two weeks later and the
animal was bled by heart puncture one week after the second
impunisation.
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Y=Globulin was isolated and purified from the serum by
a modification of the method of Goldstein, Slizys and Chase
(1961). Serum obtained from the rabbit before immunisation
wvas treated in an identical manner.

Cold saturated (N54)2$04 (40 m1l) was added to 40 ml of
serum. The solution was stirred for one hr at 4° and then
centrifuged at 35,000 x g for 20 min. The precipitate vas
dissoclved in glass distilled water §o give a volume of 35 ml.
The solution was dialysed against (.0175M potassium phosphate,
pH 7.2, and applied to a column containing 1C0 ml of packed
DZAE cellulose equilibrated with the sare buffer. The protein
vas eluted with the equilibrating buffer, fractions of 4 ml
were collected and those containing protein were pooled. The
purified T-giohul’in wvas concentrated by membrane ultrafiltration
and dialysed against C.15M KC1 in C.02M potassium phosphate,

PH 7.2+ The protein concentration of the solution was ad justed
to 60 mg per ml, _ |

This procedure resulted in a four-fold purification with
almost no losa of antibody activity.

(g) Antibody titration experiments

The incubation mixture (total volume, .20 mi)
contained 10 pl enzymej 90 ul of a mixture containing 2uimM
tris=Cl {(pH 2,4), 16mM MgClyy Smi ATP, Os7mM acetyl-CoA
and 2(mM NalCOs3 and 100 ul of antibody in C.15M KC1 in
O:U2M potassium phosphate (pH 7.2)s The mixture was incubated
for 6U min. at room temperature and then centrifuged for
15 min. at 700 x g Aliquots (U,10 ml) of supernatant were
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taken for assay, using the system descridbed in section 2,6{(a).
Since the antigen<antibody precipitate wvas onmntiauy
active, care wvas taxen to avoid including any of the precipi-
tate in the sampk assayed.

In preliminary experiments, the time course (up to 24 hr)
of the precipitation process wvas followed by estimation of the
amount of protein precipitated and it was found that complete
precipitation had occurred after 6C min.

_ Cuchterlony double diffusion analysis was carried out
on a medium of 1% (w/v) agar in C.2M KC1l and G.02M potassium
phosphate buffer, pi 7.2. A centre well 5 me in diameter vas
f£illed with approximately 50 pl of antibody to purified
mitochormdrial-pyrmu carboxylase., Alternating outer wells
" spaced at 13 mm from the centre contained either 30 m units
of purified mitochondria pyruvate carboxylase or 30 m units of
engyme fran cytosol of diabetic liver. The plat.eé were
developed for 48 hr at 25° in a humidified chamber.

(1) Protein estimation
Frotein was determined by the biuret method (Gornall,
hardawill and pavid, 1%49),

(3 Andmais
lormal, fasted and diabetic merino ewes were treated
as described in Section 3.2{a).
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(k) Elsctrop microscopy
(1) Liver sections
liver sections fram normal, fasted and diabetic
shesp were fixed for 30 min with 1x (w/v) osmium tetroxide,
dehydrated in acetone and embedded in araldite. Sections
were cut with glass knives, stained with uranyl acetate and
lead acetate and viewed in a Siemens Elmiskop I with an BO Kv
and 50 p objective aperture.
(1) 1iso;
, The mitochondria were isolated from the livers
of normal and diabetic sheep as described in section 4.2(a),
The mitochondrial pellet was treated in the same manner as the

1iver sections, except that the sample was fixed for 1 hr
with 2% (w/v) glutaraildehyde followed by 1% (w/v) osmium

tetroxide for 3¢ min.

In preliminary cell fractionation experiments only
a small pPoportion of pyruvate carboxylase activity was found
in the cytosol fraction of livers from normal sheep. However,
in the livers of fasted and diabetic sheep vhere a several-
fold increase occurred in the total cellular level of pyruvate
carboxylase activity, a substantial proportiom of the activity
wvas found in the cytoscl. The most plausible explanation
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for this observation was either that considerable mitochondrial
breakage was occurring during the fractionation procedure or
that the increase in total activity wvas due partly to the
appearance of a cytosol form of the enzyme.

In an attempt to resclve these alternatives, mitochondrial
marker enzymes were used to indicate the extent of contamination
of the cytomol fraction with mitochondrial protein. The intra-
mitochondrial localisation of pyruvate carboxylase and FEF
carboxykinase wvas first determined to ensure that appropriate
enzgynes wvere used as mitochondrial markers in subsequent cell
fractionation experiments. Folloving digitonin fractionation
of isolated mitochondria, monoamine oxidase was used .u a
marker for the ocuter membrane fraction (Ckmmoto @t al.» 1967
Peattie, 19683 sSchnaitman and Greenawalt, 1968), succinate
dehydrogenase for the inner membrane (Deattie, 1968)

Schnajtman and Greenawalt, 1968) and glutamate dehydrogenase
{vorwm, Faratad and Eremer, 1966; Sottocasa @t al., 1967
Brdiczka et 3l., 1968) and citrate synthaee (Brdiczka et al., 1968)
Marco, Sebastian and Sols, 1969) were used as markers for the
mitochondrial matrix. The distribution of total protein

and of the enzymes in the four submitochondrial fractions is
shown in Fig. 4.2 A possible explanation for the large
proportion of the monoamine oxidase activity in the inter-
membrane space fraction is that the digitonin treatment
disrupted a considerable amount of the outer membrane into
fragwents too small to be sedimented under the conditions
erployed,
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FIG. 4.2. Distribution of protein and enzymic activities in submitochondrial
fractions. Mitochondria isolated from sheep liver were fracticnated with
digitconin (Section 4.2.(b)) and enzymic activities and protein were assayed

as described in Section 4.2.{(c). Each value is expressed as a percentage of
the total and is the mean + S.E.M. for four separate experiments. A, monoamine
oxidase; B, succinate dehydrogenase; C, citrate synthase; D, glutamate
dehydrogenase; E, pyruvate carboxylase; F, PEP carboxykinase} G, protein.
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From Fige 4.2 it can be seen that glutamate dehydrogenase,
citrate synthase, pyruvate carboxylase and FE} carboxykinase
have similar distributions and are located within the mito-
chondrial matrix, The activitiea of these enzymes found in the
inner wembrane fraction could arise from contamination by
matrix protein and the presence of a fev intact inner membrane
canplexes. There is also some activity of these engymes in
the_ intermembrane space fraction. After the removal of
the outer membrane the inner membrane complexss are more
fragile and any damage to the inner wmembrane could result
in the loss of some of the matrix protein into the inter-
membrane space fraction. nevertheless, the distribution
of enzymes presented in Fig., 4.2 is in essential agreement
with similar studies reported for other species (Sottocasa et 3l.,
19673 DBottger et al., 1969). The recoveries of enzymic activity
and total protein were almost quantitative throughout the
fractionation procedure. It may bs concluded therefore that
~ in the sheep the mitochondrial activities of pyruvate carboxy-
lase and FEF carboxykinase are localised within the matrix.
Rat liver pyruvate carboxylase is alsc found within the mito-
Shondrial matrix (Dottger et al., 1969) Marco, Sebastian and
Sols, 1969), and a similar site has been reported for both
pyruvate carboxylase and FEF carboxykinase in mitochondria
from pigeon liver (Landriscina et al., 1970).

The mitochondrial activities of sheep liver pyruvate
carboxylase and FEP carboxykinase are latent unless the
mitochondria have been disrupted, e,g.,, by ecnicating or
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freege-drying. ‘This suggests that the enzymes are separated
from exogenous substrates by a permeability barxier, which is
campatible with an inner membrane or matrix localisation as
the outer membrane provides no significant permeability

barrier to the gsubstrates of these enzymes (I'falf et al.,

19683 Lardy and Ferguson, 1969). However, with the techniques
available at present it is not possible to differentiate
between enzymes ioosely bound to the matrix surface of the
inner membrane, and those in a soluble form in the matrix or in
a protein reticular network in the matrix (Hackenbrock, 1968
wrigglasworth, Facker and Hranton, 1970).

Since glutamate dehydrogenase (Christie and Judah,

1953y Hogeboom and Schneider, 19533 Seaufay et gl., 1959;
Lelbruck et al., 19593 bBoyd, 1961) and citrate synthase
{Fette, 1966) are exclusively mitochondrial in o ther speacies
and have the same intramitochondrial localisation as pyruvate
carboxylase and FElF carboxykinase (see Fig. 4.2) they were
used as marker enzymes for mitochondrial breakage in subsequent
cell fractionation experiments.

From Table 4,1 it can be seen that in normal sheep 50%
of the pyruvate carboxylase activity in the hepatic cell is
found in the mitochondrial fraction. As well as an increase
in total activity in the liver of fasted animals there is also
an increase in the proportion of the activity found in the



Liver samples from normal, fasted and

diadetic sheep were fractionated (Section 4.2.(a)) and

the activities of pyruvate carboxylase, PEP carboxykinass,
citrate synthass and glutamate dehydrogenase were assayed
as dascribed in Section 4.2.(c)s The results are
expressed as units per 10 g of liver (wet wt). The

values given are the msan ¢ standard error of the mean for
the mmber of observations indicated in parentheses. The
remilts are shown for the mitochendria and cytosol, sinoe,
vith the exception of glutamate dshydrogenase, the
activitiss in the microsamal fraction were negligible. The
axtramitochondrial glutamate dehydrogenass activity was
distributed between ths cytoscl and microscmal fractions,
and it vas assumed that this was due to the sedimentation
of aggregated species of the ensyme with the microscmes.
The activity was therefore included in the figure shown for

the Cytosole.



Mitochondria Cytosal Cytosol
FE P=carboxykinase
1,50 4 0.13 3,24 2 0+65 66 -
' starved 0492 + 0425 2.95 ¢ 0,53 76
Diabetic 2424 L 4 0,25 706 k4 1,00 76
Pyruvate carboxylase
227 3 0.47 0.25 ¢ 0.08 10
Starved S5.18 ¢ 1.44 2.46 ¢ 0.77 a2
piabetic 15.3 2 3.0 9.29 2 1.53 38
Glutammate dshydrogenase
795 2 70 170 3 33 18
starved 381 ¢ 48 203 ¢ 27 as
Diabetic (4) 374 4 46 306 ¢ 98 45
Citrats synthame
22.8 % 1.7 3,54 & 0,38 13
starved 10.1 5 3 0.8 S.47 2 0,52 35
Diabetic 10.9 2 2.8 4.84 & 0.87 k) §




Source Degrees Sum of Hean variance Froba-
of squares Square Ratio bility
Freedam
HNORNMAL
Batveen sngymes 2 104 .4 52,2 3,09 % 0,05
within enzymes 9 151.6 16.9
Total 11 256,0
EASTED
fetwveen enzymes 2 226,.9 113.4 1044 # 0,2
Within enzymes 12 946,.3 78,9
Total 14 1173.2
DIABETJC
Betwveen engymes 2 105,0 525 0,38 ¥ 0,2
wWithin enzymes 9 1250,6 139,0
T-tal 11 1355.6

% indicates greater than.



86,
cytosol from approximately 10X in the normal to 30% in the
fasted liver, In diabetic animals there is an even greater
increase in total activity, with approximately 40X of this
activity in the cytosol fraction. However, analyses of
variance (Table 4.2) indicate that the relative distrivutions
betwveen mitochondria and cytosol of pyruvate carboxylase
and the marker engymes, glutamate dehydrogenase and citrate
synthase, are not significantly different within any of the
three conditions. Although there are changes in the activities
of glutamate dehydrogenase and citrate synthase in starvation
and diabetes, these changes are not correlated with the
changes in the activity of pyruvate carboxylase, so that it
is unlikely that in vivo a similar increase is occurring in
the proportion of each of these snzymes in the cytosol. In
a sheep injected with dexamethasone (C.50¢ mg/kg body wt.) daily
for five days, the total cellular activity of pyruvate carboxy-
lape had decreased to about 20: of the activity found in normal
sheep, Only 121 of the total pyruvate carboxylase, glutamate
dehydrogenase and citrate synthase activities were isolated
in the cytosol fraction. This indicated that there was no
redistribution of pyruvate carboxylase vhen the activity
was decreased during glucocorticoid treatment., 1t therefore
appears that, jin vivo, pyruvate carboxylase is exclusively a
mitochondrial enzyme.

In Chapter 3 it was shown that there was a two=fold increase
in the activity of FEF carboxykinase in liver homogenates of
diabetic sheep. From Table 4.1 it can be seen that approximately
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one=third of the activity is located in the mitochondria in
the normal animal and that the activity increases in both
fractions in diabetes. There is also a s'icht decrease in
activity in the mitochondria and cytosol in the fasted animal.
1f mitochondrial contamination of the cytoscl is taken into
account for the data obtained for FEFP carboxykinase, it is
evident that approximately one-third of the total activity is
mitochondrial under all three conditions.

from the data obtained for the mitochondrial marker enzymes
during cell fractionation it ié concluded that liver mitochondria
fram starved or diabetic sheep are significantly more suscep-
tible to breakage during the cellular fractionation procedure.
Matsubara and Tochino (1969) have reported that the mitochondria
of alloxan diabetic rats show a slightly alnormal conformntiqn
and swelling of cristae. It was observed by iiall, Sordahl
and stefko (1960) that mitochondria frem livers of diabetic
rats and cats were larger and more fragile than normal
mitochondria. Brech, Shrago and wilken (1970) found, however,
that the distribution and activity of pyruvate carboxylase
wvas the same in the mitochondria and cytosol of normal and
diabetic rats, The lack of any increase in the proportion
of acﬁtvity in the cytosol is in contrast to the results
reportad here for diabetic sheep wvhere the mitochondria

appear to be more fragile than those from diabetic rat liver.

(c) Electronmicroscopy
sections from livers of normal, fasted and diabetic

sheep were examined under the electronmicroscope to determine
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wvhether there were any gross morphological differences in
the mitochondria which could perhaps account for their
increased fragility.

Fige 4.3 shows a comparison of sections taken from the
iivers of normal and diabketic sheep. In the section from the
diabetic sheep there are more fat droplets and fewer glycogen
granules, but the most striking difference is that many of the
mitochondria in sections taken from livers of diabetic
sheep are peveral times their normal size. It seems likely
that these mitochondria would be more susceptible to damage
during homogenisation than those of normal size. This is
substantiated in Fige. 4.4 which shows mitochondria isolated
from normal and diabetic livers. The intact mitochondria |
are of comparable sige while the diabetic preparation contains
none of the larger mitochondria seen in the sections of diabstic
liver., 1t does, however, contain a large amocunt of membrans
fragments and membrane vesicles, presunably from disrupted
mitochondria. It would be expectsd that matrix enzymes from
these mitochondria would be isolated in the cytosol fraction.
sections of livers from fasted sheep contain mitochondria
vhich, although not as large as thosein sections from disbetic
iiver, are considerably larger than normal. These changes
are demonstratcd more clearly by comparing the frequency dis-
tributions for the axial dimensions of the mitochondria in
sach of the three conditions (Fig. 4.5)« The increase in size
appears to occur more in the long axis than in the short axis,
but for both these parameters the results are asimilar in that
the mitochondria have increased more in size in diabetes



FIGs 4430 Ehc&amicrograﬂ:- of liver sections
fram (A) diabetic sheep and (B) normal sheep, The
sanples vere prepared for elsctrommicroscopy as
described in Section 4.2.(k)(1).

Magnification: 10,000 x.
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FIG, 4,4, Electrommicrographs of mitochondria
isolated from livers of (A) normal and (B) diabetic
sheep. The mitochondria wvere isolated by the method
described in section 4.2.(a) and the mitochondrial
pullet vas treated as indicated in Section 4.2.(k)(1i).

Magnifications 10,000 x,.
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FIG. 4.5, Frequency distributions of the axial
dimensions of the mitochondria in liver sections
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than in fasting.

in biopsy sections from diabetic rat liver, Harano,
Deralma and Millier (1969) observed branched and atypical
mitochondria which showed an average increase in sise of 6Ux%.
Although the sise of the mitochondria in diabetic sheep
liver sections is variable (see frequency distributions in
Fig. 4.5) the axial dimensions of many of these mitochondria
are tvo or three times greater than the corresponding dimensions
of the mitochondrial in normal liver eections. This again
suggests that the morphology of sheep liver mitochondria
iz more severely affected in diabetea than that of rat liver
mitochondria.

In order to confirm the conclusion that the pyruvate
carboxylase activity in the cytosol is due to increased
fragility and subsequent disruption of enlarged mitochondria,
the immunochsmical properties of pyruvate carboxylases isolated
from both sources were investigated.

It can ke seen fram the data presented in Fig. 4.6
that where a constant amount of each enzyme was incubated
with increasing amocunts of antibody prepared against the purifid
mitochondrial enzyme, the antibody reacted equally well with
the immunogen and with the enzyme isolated from the cytosol
of diabetic liver. ¥ ~-Globulin obtained fram the rabbit
before immunisation had no effect on the enzymic activity.



when a constant amount of antibody was incubated with
increasing amounts of mitochondrial and cytosol enzyme, the
same srxount of each enzyme was precipitated by the antibody
and after the equivalence point, the enzymic activity was
recovered quantitatively in the supernatant (Fig. 4.7).
These data, supported by the Cuchterlony double diffusion
analysis shown in Fig. 4.8, provide strong evidence that the
mitochondrial and cytosol enzymes in immunologicslly identical.
Thus, these findings support the previcus conclusion that
the increased proportion of pyruvate carboxylase in the
cytosol fraction from diabetic and starved animals is mitoe
chondrial in origin.

4.4, DISCUSSION
(a) Eyyuyate carboxyviage

The results presented here indicate that the liver
pPyruvate carboxylase in normal sheep ie exclusively mitochondrial,
Throughout both the cellular and mitochondrial fracticnations,
the distribution of pyruvate carboxylase was similar to that
of the mitochondrial enzymes, citrate synthase and gluta-
mate dehydrogenase. Thus, it may be concluded that the
total cell activity of the enzyme is confined to the mito-
chondrial matrix. These findings are in agresement with the
observations of Lottger et al. (1969) and at variance with
those of Henning et al., (1966). Henning and coworkers
report that up to 40% of the total pyruvate carboxylase in
rat liver can be isolated in the cytoscl fraction if acetyl-—
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FIG. 4.6, Titration of purified mitochondrial pyruvate
carboxylase and pyruvate carboxylase from cytosol of
diabetic liver against antibody prepared with mitochon-
drial enzyme as the antigen. Enzyme (16 munits) was
incubated with increasing amounts of antibody as
described in Section 4.2.(g); and the supernatant
obtained after centrifuging the incubation mixture was
assayed for residual enzymic activity. (e e),
purified mitochondrial pyruvate carboxylase plus

immune 7vY-globulin; (= m); purified mitochondrial
pyruvate carboxylase plus preimmune y-globulin;

(o 0), partially purified cytosol pyruvate
carboxylase plus immune Y-globulin; (O o),
partially purified cytosol pyruvate carboxylase plus
preimmune yY-globulin.
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FIG. 4,7, Titration of an antibody preparation against
pyruvate carboxylase from nitochondria of normal liver
(o @) and cytosol of diabetic liver (O 0)e
Antibody preparation (8pl) was included in each
incubation mixture with increasing amwounts of enzyme

up to a total of 35 munits (Section 4.2.(g))e




EIG. 48 Ouchterlony double diffusion analysis
of mitochondrial pyruvate carboxylase antibody,
mitochondrial pyruvate carboxylase fram normal
iiver, and tytosol pyruvate carboxylass from diadetic
liver.

The centre well contained 50 ul of antibody
and the outer wells contained 30 m units of (A)
mitochondrial pyruvate carboxylase and (B) cytosol
pyruvate carboxylass, The plates were developed
for 48 hr in a humidified chamber at roam temperature
prior to photography.
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CoA or monovalent cations are included in the homogenising
medium, They suggest that this enzyme is loosely bound to the
ocutside surface of the mitochondria and hance functions in
the cytosol. If such a situation existed in sheep liver,
significant pyruvate carboxylase activity should have been
observed in the outer membrane or intermembrane space fractions
during mitochondrial fractionstion. Additional evidence
for an exclusively mitochondrial localisation of pyruvate
carboxylase in rats has besen presented by Ballard, Hanson
and Reshef (1970). In immunochemical titration experiments
similar to those reported in this chapter, they found that
there were no differences between the soluble and mitochondrial
activities of pyruvate carboxylase from varicus rat tissuss.
They concluded that the soluble ictivitic. of pyruvate carboxy-
iase detected in many rat tissues must be the result of
mitochondrial damage during tissue homogenisation.

Although the level of pyruvate carboxylase activity
in sheep liver incresses several fold during diabetes and
starvation, the proportions of the enzyme in the mitochondrial
and cytosol fractions are still the same as for the two
marker ensymes. Furthermore, fram the immunochemical studies
it is evident that in the diabetic and starved states, the
total cell content of pyruvate carboxylase is immunologically
homogenacus. Therefore, the observed increases in the level
of pyruvate carboxylase following these perturbations must be
confined to the mitochondria.
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Inn sheep liver, FEF carboxykinase occurs in both the
cytosol and the mitochondria but it is not yet known vhether
these activities are identical. In othexr spscies, these
twvo iscenzymes have been shown to be distinct impunologically
(Ballard and Hanson, 1969) and kinetically (iolten and Nordlie,
1965) and differ in their responses to gluconsogenic stimuli
(Lardy @t gl., 1964; Lardy, 19653 hordlie, varrichio and
Holten, 1965). However, sheep liver FiF carboxykinaee is
unusual in two respectss (a) although diabetes causes
a two to three fold increase in enzymic activity, there
is a slight decrease in the fasted animal, and (b) in
each condition the cytosol and mitochondrial enzywes behave in
an identical manner, In the livers of sheep, pigs .(svhtck
gt al., 1970) and guinea pigs (Nordlie and lardy, 1963) wvhere
there is a high level of PEF carboxykinase in both the cytosol
and mitochondria, it is not clear vhat purposs is served by
the dua)l occurrence. in other species where this enzyme is
found predominantly in one cell compartment, it would seem
that #:P synthesis for gluconsogenesis occurs in that particular
compartment. 1t has been speculated (smith and Usborne-=iwhite,
1969) that in the sheep, vhere propionate is normally a ma jor
substrate for gluconeogenesis, the malate resulting from the
metabolism of propionatein the mitochondria may be converted
to iEF by malate dehydrogenase and FLFP carboxykinase in the
cytosol. Reducing requivalents vould therefore be generated
in the cytosol vhere they are required for subsequent steps
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in the synthesis of glucose:. (n the other hand, when lactats

is the precursor for gluconeogenesis, the mitochondrial

FEP carboxykinmaee may be responsible for FEF synthesis,

since NADH, would be generated in the cytosol during the

lactate dehydrogenase step. Although Barns (1970) has suggested
that the oxaloacetate inhibition of shegp kidney mitochondrial
FEF carboxykinase may be indicative of an anaplerotic role

for this enzyme, the similar responses of the hepatic mito-
chondrial and cytosol activities to starvation and diabetes
would tend to suggest that both enzymes participate in glucon-
eogenesis. Despite this apparently coordinate control of synth-
esie of both FEF carboxykinase activitieas by gluconsogenic
stimuli, their responses to these are independent of the

factors controlling the level of pyruvate carboxylase (see
saction 3.3).

(e) Mitochondria
A rather interesting feature emerging from this study

is the behaviocur of the liver mitochondria in sheep under
conditions of physiological perturbation. Cther tissuss,

yizes kidney cortex, skeletal muscle and cardiac muscle have
been examined under similar conditions. The mitochondria tended
to be more variable in size even in sections from normal

animals and hence any changesin sime resulting from the
treatments wvere less readily detected. There was same indicatien
of an increase in the size of xidney mitochondria in diabetic
sheep but the changes were much less obviocus than in the liver.
Changes in mitochondrial size camparable in magnitude with those



94,

found in sheep liver do not seem to have been reported for
diabetic animals of other species,

In a sheep treated with dexamethasone the mitochondria
were enlarged, but the low proportion of the activities
of mitochondrial enzymes isolated in the cytosol fraction
suggests that these mitochondria were similar to those from
normal liver with respect to fragility. It has been demon-
strated by wiener et al. (1968) that although the liver mito-
chondria in cortisone treated rats are larger than normal, a
conparison of various characteristics of the mitochondria in
liver sections from normal and glucocorticoid treated rats
rev-aiu that on a relative basia the mitochondria are identical.
This may also be true for the mitochondria in sheep treated
with glucocorticoids, but the mitochondria in livers of fasted
and diabetic sheep appear to be swollen and are unduly fragile
during their isolation. In fasted and diabetic sheep the
l1iver is infiltrated with vast quantities of 1ipid which may
affect the mitochondria. Conversely, in glucecorticoid treatsd
sheep there appears to be no mobilisation of 1ipid and the
‘mitochondria are not abriormally fragile. Matsubara and
Tochino (1969) have observed that liver mitochondria from
alloxan diabetic rats exhibit decreased respiratory control
and »/0 ratios and contain 2 - 3 times the normal level of
free fatty acids. They suggest that the fatty acids produce
mitochondrial conformational changes which cause the unccupled
respiration. In adrenalectomised, thyroidectamised or hypo-
p hysectomised rats, neither hyperlipsemia nor fatty liver
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occurred after the administration of alloxan and the

mitochondria appeared to be normal (Matsubara and Tochino,
1970).

It should thersfore be interesting to determine
vhether an infusion of fatty acids in sheep has any effect
on the ultrastructure of the hepatic mitochondria. At the
present time the enlarged mitochondria cannot be isolated
satisfactorily from the livers of diabetic sheep and hence
the properties of these mitochondria have not yet been

examined in vitro.






Sele INTRODUCTION
In Chapter 4 it was shown by the use of appropriate marker

enzymes during cell fractionation experiments and by immuno-
chemical techniques that the marked increase in the activity of
pyruvate carboxylase in the livers of fasted and diabetic sheep
is confined to the mitochondria in vive. This chapter presents
information obtained from an investigation of the means vhereby
the activity of pyruvate carboxylase is increased.
An increase in the activity of an enzyme gould be
effected by
(1) activation of preexisting enzyme protein so
that the catalytic efficiency per enzyme molecule is increased.
Fossible mechanisms by which this could occur are:
(a) activation of the snzyme by a positive effector. An
activation of this nature is unliikely to be detected in
an in vitro assay system under optimum conditions,

(b) formation of active enzyme from inactive enzyme by ensymically

catalysed chemical modification of the ensyme protein e.g.,
phosphorylation of liver and muscle phosphorylase
(sutherland and wWosilait, 19553 Helmreich and Cori, 1964),
dephosphorylation of pyruvate dehydrogenase (Linn, Fettit
and Reed, 1969), adenylation of E, goli glutamine synthetame
(Mecke and Holmer, 1966 shapiro and stadtman, 1968),

(c) conversion of apoenzyme to holosnsyme by incorporation of
a prosthetic group e.g., incorporation of hasm into yeast
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apocytochrame cuddase (Tuppy and Birimayer, 1969) snd
of biotin into rat liver pyruvate apocarboxylase
(Dpodhar and Mistry, 1965a;b) and rat adiposs tissue
acstyl«CoA carboxylase (Jacobs, Killurn and Majerus,
1970},

(2) An increase in the sscunt of active enzyme protein
presant as a remilt of a change in ths rate of degradation or
synthesis g poyo: In scme instances the rates of both processes
may be altered,

The methods available for studying the twrnover of
proteins have besn reviewed recently by schimke (1970) and will
only de described briefly here.

There are many examples in the literature wvhere the
effects of inhibitors of RNA or protein gynthesis on the levels
of enzymes have bheen tested. Abolition of the increase in the
isvel of the ensyme cuuld tentatively be interpreted as
evidence for the participation of gg nEve protein synthesis i
it is well xnown that such druge may have multiple and indirect
actions (Revel, Hiatt and Revel, 19643 Heonig and Rabinovits,
1965; Llasslo gt Al., 19665 Sosiro and Amos, 1966; Fastan and
Frisdnan, 19683 Stewart and Farber, 1968). It is therefore
difficult to be certain vhether the drug has affectsd RNA or
protein synthesis specifically, or wvhether it has affectad some
other metabolic function vhich in turn has a secondary effect
on the chesrved engymic activity.

A more direct method of distinguishing betwesn
alternatives (1) and (2) is the use of immunochemical techniques
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to measure the relative content of enxyms protein under varying
conditions. An increase in the asount of immunochemically
resctive enzyme protein may be regarded as evidence for a
decrease in ths rate of degradation or an increase in the rate
of synthesis g8 DEVG of the ensyms protsin, However, similar
results vould be obdtained if there existed inactive preformed
enzyme or apoengyme vhich reacted less efficiently with the
antibady than the active enzyms ussed as an antigen. It is
unlikely that the differences between active and inactive forms
ammmmmmtﬂm'tomdUhumuinm
ismunochemical reactivity but this poasibility cannot be
ignored, More convincing results may be obtained by ombining
{mmanochemical and radioisotope technigues to dsmonstrate
“both an increassd content of issunochsmically reactive
protein and a net uptaks of radiocactive isotope in specific
enzyme protein. The relative rats of synthesis of the ensyme
protein may also be msamired by this approache. The rate of
degradation may be estimated from the decay of radiocactivity
after the single administration of a labéllied precursor, but
the resuits may be confounded by the extensive reutilisation
of isotopic amino acids.

Methods involving the use of inhibitors ocrradicactive
amino acids need careful consideration before their use in an
animal the sizs of the sheep, Purthermore, a prelininary study
of the time course of the increase in the activity of pyruvats
carboxylase in diabetes suggests that this increass occurs
relatively slowly. lLarge quantities of the compounds would
be required for their repeated administration over a period
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of several days. In addition, the slov increase in

activity would enhance the possibility that during this time
drugs could affect other processes vhich in turn could affect
the level of pyruvate carboxylase activity, so that a secondary
effect on pyruvate carboxylase activity may be observed.
Therefore, it was decided to adopt initially the approach of
determining whether the increased activity of pyruvate carboxy-
lase was, in fact, associated with an increase in the amount

of imunoc}uﬁicany reactive enzyme protein. The fact that
positive results were oktained indicates that the use of a
confirmatory and possibly a more definitive approach is
wvarranted in future experiments to study the mechanism by which
the change in the level of pyruvate carboxylase occurs,

Sels HE:ﬂUDg
(a) Animals

sheep were subjected to the following treatments:

(i) Normal sheep - fed 600 g of chaffed wheaten hay and 400 ¢

of chaffed lucerne hay daily

(1i) Fasted sheep - fasted for 5 days before slaughter

(1i4i) Alloxan diabetic sheep = 2 sheep were injected with 60 mg
of alloxan/kg body wt. In one of the animals the plasma
glucose concentration was 250 mg/100 ml, but the ketone
body concentration was normal, In the other animal the
concentrations of both glucose and ketones were elevated
to levels of 550 mg/100 ml of plasma and 14 mg/100 ml,

respectively.
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(iv) "stabiliised” dimbetic sheep: A sheep was made diabetic
by an injection of alicxan (60 mg/kg body wk.). within
2 days the plamsa glucose concentration had increased from
36 mg/100 m) to 225 mg/100 mls After the diaketic
condition had been allowed to develop for about 5 days the
giucoss lsvel wvas 225 ng/100 ml of plasma and the total
ketone body concentration had rissn frem 3 mg/100 ml of
plamma to 24 mg/100 ml. A contimuous intravencus insulin
infusion of $ units/24 hr reduced the plamma glucosse
body concentration to the normel level. This treatment
was contimed for 6 days. Ten units of insulin per 24 hr
for the following 14 days maintained the plasma glucose
lovel at 25«30 mg/100 m) of plasma and the ketones at
3 mg/100 m1, within 24 hr after the tammination of the
insulin infusion the glucose concentration had increassd
o 230 mg/100 m1 of plasma and the katones to 6 mg/100 ml,
while 72 hr after the vithdraval of insulin the glucose
level vas 264 mg/100 nl and the Xetones had increased to
9 mg/100 m1,

An intravenous injection of pentothal was used
for the initial induction of anassthesia. The traches wae
ed with a flucthane-oxygen mixture,

An incision parailel to the costal margin of the ribe
was made, the lateral lobe of the liver was exposed and a ssall



triangular wedge was excised from the periphery. 101';f
The incised area was repaired with a plug of hauno-tatic:'
sponge and sutured.

(c) Engyme agsays

Liver homogenatea (25%, w/v) were prepared at 29 in

0.25 M sucrose containing 0.1 mM EDTA, 0.5 mM GSH and 0,02 M
tris-Cl (pH 7.2). The homogenate was sonicated for four periods
each of 10 sec., diluted ten-fold in the sucrose medium and then
assayed for FEF carboxykinase and pyruvate carboxylase activities

as described in sections 2.5 and 2.6(a), respectively.

(d) Antibody titration experiments
(1) Ereparation of tigsue extract
sonicated liwer homogenates were prepared
as described in (c) above., This treatment campletely solubil-
ised the pyruvate carboxylase activity (see Section 2.8) and
the supernatant obtained after centrifuging at 105,000 x g
for 30 min. was used for immunochemical studies.
(11) Freparation of antibody
Furified sheep liver pyruvate carboxylase of
specific activity 29 unite/ng of protein was used for the
preparation of antibody which was treated as described in
section 4.2.(f).

(i1i) iIncubatjon system
In the experiments where the amount of antibody

was varied against a constant amount of tissue extract the
incubation mixture (total volume 0,30 ml) contained 150 ml of a

mixture containing 200 mM tris-Cl (pH 8.4), 16 mM MgCl2,
5 mM ATP, 0.7 mM acetyl-CoA and 20 mM NAHCO3) antibody in

100 pl of 0.15 M KCl containing 0.02 M potassium phosphate
¢(PH 7.2')) and 80 n) of liver extract.
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In the experiments where the smount of tissue
extract wvas variad against a constant amount of antibody,
the incubation mixture vas as described above, except that
the antibody was added in 30 md of 0,15 M KC1 containing
0.02 M potassium phosphate (pH 7.2), and the encyme wvas added
in 100 pl of the sucrose medium,

The mixture was incubated at 23° for 60 min, and then
cantrifuged at 700 x g for 10 min. Aliquots of the supernatant
(50 n1) were taken for assay in the system described in
Section 2.6(a).

In an allooan diabetic sheep treated with a contimwous
intravenous infusion of insulin the plasma glucose congentration
can be maintained within normal limits (30 - 60 mg/100 ml of
plamua) (O.H. Filsell and I.G. Jarrett, unpublished cbeervations).
mmﬁmzumwmpnmgmmm
increases rapidly and reaches a diadetic level of 120 = 180
mg/100 m1 of plamsa within 2 to 3 hr, A systam such as this
would »e useful for an imwvcstigation of the time course of the
changes in the hepatic enzyms content if biopsy samples of
the liver could be obtained vithout undus Aifficuity or
physioclogical complications.

In a preliminary experiment it wvas found that wvhen
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liver hMiopey samples were removed under anassthesis from
a normal sheep and from a sheep in wvhich the diadetic state
vas uncontrolled, the valuss obtained for the activitiss of
pyruvate cardoxylase and FEF carboxykinase were in agreemsnt
with those reported in Ssction 3,3« This method of swmpling
the liver is tharefurc a valid approach at lsast with respect
to the effects of anmsstdwsia on the activities of the enzymes.

In an investigation of the time courss of induction
of pyruvate carboxylase and FEP carboxykinase with the onset
of diabetes, a liver smaple was taken from a stabilised
dialetic sheep (t = 0), the insulin infusion vas terminated
24 hxr later (t = 24), and subsequent liver ssmaples were
removed 24 hy (t = 48) and 72 hr (¢t = 96) after the withdrawal
of insulin, Three liver samplss ware taken fram a normal sheep
(t = 0y, 96 and 144 hr).

The results for the time course sxperiment are ahown
in Fige S.l. At the Beginning of the experiment (t = O)
the activities of pyzruvats carboxylase and FEP carboxykinase
in the noimal shead agreed well vith those garerally found in
the normal sheep (see gection 3.3(a)). The slight increass in
the activities of both enzymes by the end of the experiment
may be attributed to the streas of the repeated surgical
procedures arwl to partial starvation, since by the end of the
provided. ‘

In the allicoan diabetic sheep stabilised with the
insulin infusion (t = 0) the plassa concentrations of
glucose (36 mg/i00 ml of plamma) and ketones (3 wg/100 ml)
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FIG. 5.1, Time course of the increase in the hepatic
activity of pyruvate carboxylase and PEP carboxykinase
with the onset of diabetes., Liver samples were removed
under anaesthesia from a stabilised diabetic sheep
before and after the withdrawal of the insulin
infusion, at the times indicated (Section 5.2.(a) and
(b)): Liver samples were also taken from a normal
sheep as indicated. The activities of pyruvate
carboxylase and PEP carboxykinase in the liver samples
were determined as described in Section 5.2.(c). The
results are expressed as specific activity (pmoles

of co,, fixed per min. per mg of protein).
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were within the normal range. However, the diabetic state

was not campletely controlled as the activities of both enzymes
were slightly higher than in the normal animal, in spite of the
fact that the stabilised diabetic animal was eating normally.
It was also observed in electrommicrographs of liver sections
from the stabilised diabetic sheep that the mitochondria were
slightly enlarged. ~Nevertheless, the diabetic state vas
controlled as assessed by the return to normal levels of such
physiological parameters as plasma levels of glucose, ketone
bodies and non-esterified fatty acids. within 24 hr (t = 48)
after the withdrawal of insulin, the activity of FEF carboxy-
kinase had increased to the level usually seen in chronically
diabetic sheep. The plasma glucose level had increased to

230 mg/100 ml, which is comparable with the level before the
cammencement of the insulin infusion, and the ketone
concentration had increased to 6 mg/100 ml of plasnma. The
rapid increase in the glucose concentration could be due either
to inhibition of glucose utilisation by psripheral tissues

or to an increase in the rate of gluconeogenesis. The

increase in PEP carboxykinase activity which was evident

24 hr after the withdrawal of insulin suggests that the rate

of gluconeogenesis had increased by this time. However, very
little change in the activity of pyruvate carboxylase vas
apparent. Although 72 hr (t = 96) after the withdrawal of
insulin the plasma glucose concentration had increased still
further to 264 mg/100 m1l, the ketone body concentration of

9 mg/100 ml was still considerably less than the level of
24 mg/100 ml observed before the insulin infusion. FPEF carboxy-
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kinase showed no further increase at this time and pyruvate
carboxylase had sttained the usual diabetic level,.

(b} Aptibodv titration experiments
Fige 5.2 shows the results of experiments in which

a constant amount of tissue extract fraa sheep under different
conditions of physiolggloal rerturbation vas titrated against
an increasing msount of antibody prepared against purified
rmitochondrial pyruvate carboxylase fram the livers of normal
sheep. The msount of antibody required to precipitate completely
mwnicmivityi:zaqi.ﬁnmztot liver extract, as
amwmwmamxmmam
titration curves to gero activity, is proportional to the
moount of catalytic activity present in the absence of antibody
(Fige 5.2 inseat),

when the experiments were carried out with a constant
ancunt of antibody in the presence of increasing amountsof tissue
extract, it can be ssen that altbough the level of pyruvate
carboxylase activity per g of liver varied over a aix-fold
range, the squivalence point was the smme for all types of
liver extract when based on the ammount of enzymic activity
added (Fig. 5.3).

Thus, under all of the conditions tested, the increase
in the activity of pyruvate carboxylase is associated with a
proportionate increase in the hepatic content of immuno-
chemically reactive enzyme protsin.

It is possible that the liver from normal sheep may
contain aposnzyme Or proenzyme which does not react vith the
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against pyruvate carboxylase purified from the
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expressed in terms of units/g wet wt (50 munits of
activity/50 nl of extract is equivalent to 4 units/g
wet wt of liver). Liver extract (50 nl) was
incubated with antibody as described in Section
5¢2.(d) (iii), and the supernatant obtained after
centrifuging was assayed for residual enzymic
activity. (a A), normal; (m m),
diabetic, not ketotic; (@ ®), fasted;

(o o), diabetice.
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antibody, In liver from biotin deficient rats (Dsodhar and
Mistry, 1969a,b) and chickens (Madappally and Mistry, 1970a)
there is aposnzyme such that normal levels of holosnsyme may
be synthesised upon the addition of biotin. It is therefore
feasible that the increased amount of active enzyse found

in fasted and diabatic sheep could repressnt the mﬂn‘dsa
of holoenzyme by incorporation of biotin into preformed
aposnEyme

Attempts to detect the presence of apoenctyme in
sheep liver have bheen unsuccessful with experiments conducted
in yive and in vitre.

(1) There is no differsnce between the lewvels of
pyruvate carboxylase in the livers of normal sheep and of sheep
wvhich have received an intrmmscular injection of 400 npg
of biotin once every two days to a total of five injections.
while this finding suggests that it is nnli)uly that the full
expression of Wa carboxylase activity in the normal
sheep is limited by a deficiency of biotin, it does not
eliminate the possibility that under normal conditions the
holosnzyme synthetase is controllsd in same wvay to prevent
incorporation of biotin into apoenzyme.

(2) The incubation of a normal sheep liver homogenate
with biotin in the system described by Kosow and lane (1961)
failed to reveal the pressnce of any aposnzyme (L.A. Fenbarthy,
J.C. Wallace and D.B. Kesch, unpublished obssrvations).

It therefore appears unlikely that apoenzyms, lacking
biotin, is present although pyruvate carboxylase may exist
as a proensyme in scme other form.
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5.4 RISCUSBION
The results obtained for the time course experiment
suggest that this system has potential as a tool for investi-
gating metabolic changes in the sheep vith the onset of diabetes.
_ In the present experiment the resuits were influenced by compli~
cations arising from the repeated surgery and it may be
preferable to use a series of different animals for the time
curves. An investigation of the time course of the changes in
mitochondrial sise wvas .ttmpt;od in conjunction with the assays
for enzymic activity, but the results were inconclusive.
However, with modifications to the experimental design, more
meaningful results should be obtained, |
The rapid increase in the activity of FEF carboxykinase
vhigh occurs after the vithdrawal of insulin is comparable with
the rcspeli- of this enzyme in rat liver following physiological
perturbations. In contrast, the response of pyruvate carboxylase
is relatively alow, although the total increase in the activity
of this enzyms is ultimately the greater,
The proportionality hctinn, the catalytic activity
of pyruvate carboxylase and the immunochemically estimated enzyme
protein demonstrates that the catalytic efficiency of the pyruvate
carboxylase molecule, as measured in yitro under optimum conditions,
has not been altered despite the wide variations in the levels
of activity in liver extracts from sheep under different
conditions. The changes in activity are actually determined
by altered quantities of the enzyme protein in the liver.
Howaver, this finding does not exclude the possibility that
control by transient changes in the catalytic efficiency per
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ensyme molacule dus to changes in the concentrations of
varicus metabolites is also involved in the acute regulation
of pyruvate carbaxylase activity in yive. The time course
experiment suggests that the changes in the enzyme content
occur relatively slowly. Thus, the control by inhibition or
activation of the pyruvate carboxylase activity may play an
hporunt rols wvhen the rate of oxaloacstate synthesis rust he
ad justed rapidly, vhereas ths control by changes in the quantity
of anzyme may make a greater contribution to the long term
regulation.

It is interesting to note that there is no direct
relationship betwesn the plamma glucose concantration and the
maxizum assayable activity of pyruvate carboxylase in sheep
treated with alloxan, In the stabilised diabetic animal the
plasma glucose level was vithin ths normal range, but the level
of pyruvate carboxylassactivity vas a little higher than normal.
On the other hand, in the immunochemical titration experiments
one of the sheep had deen treated with allaxan, and had a
plasaa glucoss concentration of about 230 mg/100 ml, but the
pyruvate carboxylase activity vas only a 1ittle higher than in
the normal animal, The plassa glucoss conoentration increased
rapidly after the withdrawal of i{insulin from the stabilised
disdetic sheep, and the relatively slow increase in the activity
of pyruvate carboxylass vhich occurred is consistent with the
lack of a direct relationship between the plassa glucose
concentration and the hepatic activity of pyruvate carboxylase.

As an extension of this investigation, the mechanimms
vheredby the amount of immunochemically reactive pyruvate
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carboxylase protein is increased should be determined,
There are two means by which this increase could occur:

(1) As was discussed earlier (sSsction 5.3.(b))the
iiver of normal sheep may contain aposnsyme which doss not
react vith the antibody., From t.h- evidence pressnted it is
unlikely that apoenzyme lacking biotin is pressnt, and unless
pyruvate carboxylase exists as a prosnsyme in ancther form, the
increase in the activity of the enzyme cannot bs accounted for
by the activation of pre-existing enzyme.

(2) The more 1iksly alternative is that the increased
amount of enzyme protein is the result of changes in the rates
of degradation or synthesis ds povg of the enxzyme protein,

:ni studiss on acetyl-CoA carboxylass in rat liver
it has been shown that the alterations in catalytic activity
under various conditions are dstermined by changes in the
quantitiss of enzyme protein (Majerus and Kiiburn, 19693
rakanishi and Mma, 1970). Purthermore, ~c-leucine incorpora-
tion studies ip viyp have indicated that in fasted and refed
rats, or in rats guffering from diabstes, the change in activity
is due to an increass or q-man. respectively, in ths rate of
synthesis of the enzyme. In fasted animals there is diminished
engyme synthesis as well as accelerated degradation. Nakanishi
and NMuma (1970) consider that their findings are consistent
vith the hypothesis that the control of snsyme content by
changes in the rate of enzyme degradation may play an important
role wvhen the animal deviates from a steady state to adjust to
a nev enviromment, Once the new steady state has been achieved,
the level of enzyme is maintained by an altered rate of synthesis
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This view is supported by observations of sSchipmke (1964) on
changes in the level of arginase in rats when the diet vas
changed from high to low protein content. Similarly, Rowe
and wWyngaardsn (1966) and Rechcigl (1968) have found that
differences in the rats of synthesis, rather than in the rats
of degradation, determine the stsady state levels of xanthine
oxidase and catalase wvhen rats are maintained on diets that
result in differing steady-state levels.

It would be interesting to kxnow the roles of
synthesis and degradation in determining the lsvels of pyruvate
carboxylase in fasted and diabetic sheep vhere there is an
increass in the activity, and im glucocorticoid treated sheep
vhere the activity decreases (Section 3.3). The difficulties
associated with the availadble techniques have already been
mentioned bhriefly. Another prodblsm arises with respect to the
study of the effects of inhibitors of RNA and protein synthesins
on the levels of pyruvate carboxylase, since it is a mitochondrial
enzyme. It is presumably synthesised in the cytoplasm becauss
the information content of the mitochondrial nucleic acids
is considered to be rather limited (sse Ashwell and wWork, 1970)
it some mitochondrial protein synthesis may be necessary for
the incorporation of the enzymeinto the mitochondriae. In a
study of cytochrame oxidage, Chen and Charalampous (1969)
followed hsem protein synthesis and the development of ensymic
activity during derepression in 3Saccharcmyces. They found that
the activities of both the cycloheximide-sensitive protein-
synthapising system (cytoplampic ribosomes) and the system
sensitive to chloramphenicol and acriflavine (mitochondrial
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ridoscmes) were neceseary for the formation of functional
snsyme.

It has been dsmonstrated by the use of inhikitors
that protein synthesis is involved in the increass in the
sctivity of PEF carbosgykinase in rat liver (Ray, Poster and
lardy, 19643 lardy gt &)+, 1964). Studiss on the changes in
the activity of this ensyms in sheep liver are complicated
by the pressnce of significant levels of the enzyme in both
the cytosol and mitochondria, with similar increases in activity
ocourring in both oell fractions.
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6ele INIROPUCTION |
In previous chaptemsths long term control, or chronic

adaptation of pyruvate carboxylase in sheep under conditions
of pesrturbation has bsen discussed., However, acute adaptation
may be equally important in the rapid regulation of the
synthesis of ocxaloacetate.

It has previocusly been established in this laboratory
that sheep kidney pyruvats carboxylase may be subject to acuts
control by acetyl=CoA which exhibits positive hamotropic
cooperativity (Barritt, Kesch and Ling, 1966) as does MGATF s
vhile Mgz"‘ shows positive heterotropic cooperativity with
respact to MgATF?~ (ksech and Barritt, 1967). The fact that
acetyl=CoA is esssntial for the activity of vertebrate
pyruvate carboxylases,; and that the activation is an allosteric
effect, has led to the hypothesis that the activity of the
enzyme in vivgo is controlled by the intracellular concentration
of acetyl=CoA (Utter, Feech and Scrutton, 1964; Willismson,
Browning and Olson, 1968).

The results described in this chapter indicate that
the enzyme from sheep liver exhibits negative cooperativity
(as defined by Levitzxi and Koshland, 1969) with respect to
the substrate, pyruvate. This property may also be significant
in the acute control of the activity of the enzyme in yivo.
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642s METHODS
(a) Engyme
(i) The enzyme used in Sections 6.3.(_:) and (b)
was purified from sheep liver mitochondria as described in
ssction 2.10.(b) to a specific activity of 8.5 units/mg of
protein (measured at 23°),

(ii) The enzyme used in sections 6.3.(c) and (d) was
purified as described in section 2.10.(a) to a specific
activity of 22 units/mg of protein (measured at 30°).

(b} Eyruvate
Either redistilled pyruvic acid neutralised with
tris base imwediately before use, or dimer free sodium pyruvate
vas used, Identical results were obtained with either preparation.
The concentration of the solution was determined from the change
in the extinction of NADH at 340 mn in the presence of lactate
dehydrogenase (Bergmeyer, Bernt and Hess, 1963).

(e) Enpymic activity
The reaction mixture (total volume 0,50 ml)
contained in umoles; tris-Cl (pH 8.4) 1003 ATF, 1,253 MgCla,

4.0y nant? 5

CO,p 540 (6 x 10” counts per min, per pmole);

acetyl CoA, 0.18; pyruvate, varied as required; and encyme,
After incubation at 30° for 4 min. the reactions were stopped
by the addition of 0,05 ml of a saturated msolution of 2,4~
dinitrophenylhydrazine in 6 M HCl. Under these conditions

the rate of product formation was linear for all of the pyruvate
concentrations used., Radiocactivity was determined as described
in section 2.6.(a) and the results vere corrected for quenching

by the channels ratio method,
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when the initial velocity of the reaction catalysed
by sheep liver pyruvate carboxylase was measured and plotted as
a function of the pyruvate concentration, a pronounced deviation
from a rectangular hyperbola was consistently cbessrved (Fige.
6.1), Double reciprocal plots (inset, Fig. 6.1) of thesse data

were biphasic and the 5i_ value (i.e.,, the ratio of the pyruvate

[
concentrations at 90x and 10% of the maximwm velocity) of about
220 far exceeds the value of 81 which is expected for a classi-
cal Michaelis-Menten hyperbola. A Hill plot prepared from the
initial velocity data presented in Fige. 6.1. is shown in Fig.
6+2¢« The slope of the curve varies markedly vith pyruvate
concentration, At very low levels of pyruvate the slope
decmeases from 1 to 0,7 and then to 0.4 in the region of
transition from low to high levels of enzymic activity (1 mM
pyruvate), The slope increases again and approaches a value
of unity at high pyruvate concentrations, This system satisfies
the criteria for negative cooperativity with respect to
substrate binding as described by lLevitzki and Koshland (1969),
Yz

{~) The plot of initial velocity against substrate
concentration shows an intermediary plateau region.

(2) The double reciprocal plot of initial velocity
against substrate concentration is biphasic with increasing
slope at high substrate concentrations,

(3) The R, value is greater than 81,
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FIG, 6.1, Velocity plotted as a function of the
pyruvate concentration. The points marked are
experimental values. Inset: reciprocal of the
velocity plotted as a function of the reciprocal

of the pyruvate concentration. The curves were
drawn from the kinetic constants obtained by
fitting the data for separate parts of the biphasic
plots to a computer programme for a rectangular
hyperbola using the method of least squares
(Wilkinson, 1961).




o/°
/7 o
151 i -
: e{
T .
NN @
>
>|; 10 /9/0 .
~——
@) ‘
o ©
| /
)
0.5- -
0 i f T

0-5 1-0 ' 15
Log _[Pyruvate] +1

FIC. 6.2. Hill plot for the data presented in Figo.
6.1l. The points marked are experimental values and
the curves were drawn as described in Fige 6.1l.
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(4) The Hill plot is nonlinear vith.an internediate
region of siope much less than unity.

There are several alternative explanations for the
unusual kinstics of the pyruvate carboxylase reactdon with
respect to pyrmu's

(1) The ensyme preparation may contain two ensymes,
one functional at low, and the other at high concentrations of
pyruvates,

(2) The kinetic effects may be the result of
inhibition of the enzyms by ths product, oxaloacetate, as has
been demonstrated for sheep kidney FEFP carboxykinase (Barns,
1970).

(3) The observed kinetice may be a function of the
particular pH and concentrations of substrates and effectors
used in the normal assay system.

These possibilities were investigated by comparing
the results obtained for timk, value, the ratiocs of the two
apparent K, and V. values, and the point of inflection of
the double reciprocal plot under various conditiona.

The first alternative vas rejected on the basis of the
data shown in Table 6,1, wvhere it can be seen that the kinstic
parameters remain constant throughout the purification procedure.

To test the possibility that axaloacetate inhivition
clund. the wmsual kinetics, pyruvate carboxylase was assayed
at varying pyruvate concentrations with three different assay
systems)

(1) uncoupled

(14) coupled with malate dehydrogenase

(141) coupled with glutamate-oxaloacetate’ transaminase.



Stage of Specifie R FRigh low High ¥ High Vv Inflection
parification activity . o s B Tow ™ % oint of
m max double

(mM) (mM) reciprocal
. point (mM)

Do

Folyethylane Led 239 1,01 0,18 57 1.7 0.94

glycel step

HEAs-celluloge

ealumn, pH 645 3.5 276 1,04 0418 591 1.7 0.93

dBhL-gcallulope

column, pPH 7.5 5.1 2954 0.94 0,15 6.3 16 1.1}

Lolumn 85 222 1.10 .19 5.8 1a9 U<B84

Ba

DEAX~3ephadex |

ceolunn, pH 7.2 22 240 1,20 0.24 540 is7 1.21

&e  The enzyme wvas purified by the vrocedure descrided in
section 2.1C,(b). The specific activity was measured at

23°,

Bs The enzyme was purified by the procedure described in
section 2.10.{aj. The gpecific activity was measured at

30Q0
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The kinetic parameters characteristic of negative cooperati-
vity wvere still observed when oxaloacetats was converted either
to malate or to aspartate (Fig. 6.3) even though NH4" stimula~-
tion wvas shown with the coupled systems (see Section 2.7).

The R, valus for pyruvate vas 232 in the normal assay system
and 215 in the coupled systems,

The third alternative vas tested by varying the H*
concentration and the concentrations of acetyl-CoA and MqA'er"
in the assay system. These experiments are described in
detail in the following section.

Initial velocities were determined as a
function of pyruvate concentration at pH 9.0, 8.4, 7.9 and 7.4.
The deviation from a Michaslis-Menten hyperbola appesared to
becane more pronounced as the pH wvas shifted avay from the
optimum (8.,4) but vhen the curves wvere normalised with respect
to the maximm velocity they were found to be very similar,
The lack of effact of varying pH is apparent when the data in
Table 6.2 are examined,

The apperent K, of sheep kidney pyruvate carboxy=-
lase for acetyl-Coa ie 0,041 mM (Barritt, Keech and Ling,
1966), When the pyruvate saturation kinstics were carried out
at concentrations of 0,03, 0.07 and 0,25 mM acetyl=CoA, there

was very little variation in the parameters even vhen the
aocetyl-CoA concentration was less than the apparent Kye
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FIG, 6.3+ Comparison of the coupled and uncoupled
assay procedures, (@ @), uncoupled assay
procedure; (e ® ), coupled with glutamate-
oxaloacetate transaminase; (o0 0), coupled

with malate dehydrogenase. Assay mixture (total
volume 0.5 ml) contained in pmoles: tris-Cl

(pH 8.4), 100; ATP, 1.,25; MgCl, 4.0; acetyl-Col;
0.18; NaHl4CO3, 5.0, pyruvate, varied as indicated;
and. enzyme. In addition, the coupled systems
contained NADH, 0,12 pmoles and malate dehydrogenase,
2 units; or pyridoxal phosphate, 0.02 pmoles; gluta-
mate, 10 ypmoles and glutamate-oxaloacetate trans-
aminase, 4.5 units. After incubation for 4 min. at
30° the coupled reaction was stopped by the addition
of 00,25 ml of 10% (w/v) trichloroacetic acid, and the
uncoupled reaction by the addition of 0.05 ml of a
saturated solution of 2,4-dinitrophenylhydrazine in

6 M HCl, Radioactivity determinations were corrected
for quenching by the channels ratio method,




84 246
9.0 278
7.9 257
745 374

Agtyl-Con

025 mM 237
0.07 mM 280
003 mM 261

2.4 B¢
0.48
0.24

222
320
248

1,14
1.01
1.3%
1.20

.11
1,28
1.41

0.62
0.72
0+47

0.15
0013
0.14
0.10

G.17
0,16
0.135

0.15
0,098
0,093

746
8,0
9.6
12,5

6.7
8e3
9.2

4,1
T+6
S.1

2.2
2,0
2.5
1.6

2.0
2.1
24

1.4
1.6
1.6

1,0

0.75
0.64
0,72

0.75
0.86
0.80

0,97
0.97
0.72

The enzymic activity wvas assayed in the system described in
Saction 6.24(3) except that the concentrationsof H+, acetyl-CoA

or MgATEe The concentration of MgATE2=

- were varied

as indicated.

varied in the presence of a
The concentration of MgATF™ was calculated from the

Mget,

apparent stability constant for MgAT

(O*sullivan and Ferrin, 1964).

level of 2,0 mM sxcess
= of 73,000 M*
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(3) yarving MgATP®~ concentration
Keech and Barritt (1967) have shown that the true
substrate for sheep kidney pyruvate carboxylase is the MgAT -
complex rather than free ATF and that the apparent Ku of the

2-

sheep kidney enzyme for MgATF in the presence of excesas

Mgz‘ is 0,32 mM, The experiment was carried out in the
presence of excess Mg2' at MgATF®~ concentrations of 0.24, 0.48
and 2.4 mM, As vas Observed with varying K or acetyl=COA
concentrations, there was no significant change in the

kinetic response with respect to pyruvate concentration.

(c) The effects of pyruvate analoques
The effects of two substrate analogues, ﬁ-phcnyl-

pyruvate and p-hydroxypyruvate, vhich inhibit the enzyme were
examined., Pyruvate saturation kxinetics were studied at varying
f£ixed levels of the inhibitors. At low concentrations of
pyruvate the effects of the inhibitors were quite different
(Figs 6.4) but at high concentrations the curves for the two
inhibitors were almost identical., The shape of the double
reciprocal plots, particularly in the presence of
ﬁ-p}nnylpyruvau. tended to curve markedly at high pyruvate
concentrations instead of falling into twvo distinct straight
line regions, and it was therefore impossible to calculate
accurate R, values for pyruvate in the presence of f =phenyl-
pyruvate. The R value for pyruvate in the absence of
inhibitor was 220, while in the presence of 3.0 and 10,0 mM
/E-plunylpyrmu values between 200 and 300 were obtained.
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peliydroxypyruvate was the more efficient inhibitor and in the
presence of 0,75 and 2,0 mM p=hydroxpyruvate, Ry values of 128
and 113, respectively, were cbserved, thus indicating that the
negative cooperativity with respect to pyruvate had almost
been abolished,

Mildvan, Secrutton and Utter (1966) have shown

that the inactivation of chicken liver pyruvate carboxylase
by avidin is accelerated by the presence of pyruvate and that
the effect is a function of the pyruvate concentration,
Scrutton and Utter (1965) derived the equation

4 A eses (601)

o“k~
]

o A
+ K
k1

vhere V_ and V, represent, respectively, the pseudo-first order
rate constants for the inactivation in the presence and absence
of a, i.0., pyruvates k,; and k, are the fractional order rate
congtants for the inactivation by avidin (1) of free enzyme
(Equation 6.2) and enzyme-pyruvate complex (Equation 6,3),
respectively; A is the cancentration of pyruvate, the
potentiating agent; K, is the dissociation constant for the
enzyme=pyruvate complex (Bquation 6.4).
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X
E + nl ——L—> EIn ose (642)
EA ¢+ nl —ﬁ—é EAIn ess (643)
Kg
E + A e EA vee (6od4)

When the ratio (v /V ) of the pseudo first order rate constants
for inactivation in the presence and absence of pyruvate is
plotted against (1 « va/vo)/a the ordinate intercept represents
ky/%,s the ratio of the fractional order rate constants for
the ienction of the encyme-pyruvate complex and free engyme
wvith the modifying agent. The slopeof the line represents
Kqe ,
The incubation system used by Mildvan, Scrutton
and Utter (1966) contained (Mg),S0, as well as tris-S0,»
avidin, enzyme and pyruvate., Ko reason vas givenfor the
inclusion of (NH,),504s but it vas found during the investigation
reported here that pyruvate potentiated the avidin 1nhib:_|.t1m
only in the presence of (M-14)2SO4. This may be related to the
obeervation that chicken liver pyruvate carboxylase is protectsd
against avidin inhibition by 8049'— (Madappally and Mistry, 1970b),
The curve presentsd in Fig. 6.5.is obviously biphasic,
suggesting that at least two molecules of pyruvate are bound
and that they have widely differing dissociation constants of
6425 mM and approximately 0.1 m¥, The region of discontinuity
corresponds to a pyruvate concentration of approximately 0.8 mM
vhich is consistent with the plateau region in the initial
velocity experiments.
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FIG. 6.5+ Dissociation constant for pyruvate from

i1ts effect on the rate of avidin inactivation. The
incubation system contained in 0.20 mls 7 pmoles of
potassium phosphate (pH 7,.2); 10 mmoles of (NHgq)pSOg4;
30 pg of avidin (10.3 units/mg); 0.05 units of
pyruvate carboxylase, specific activity 22 units/mg
of protein; and pyruvate, varied from O to 2.0 pmoles.
After incubation of the mixture at 23° for 0, 1.5,

3.0 and 4.5 min. the residual enzymic activity was
assayed in the system described in Section 6.2.(c).
The Vo and V, values were obtained from the slope of
the pseudo-first order plots of the relationship
between logig Et (residual enzymic activity) and t
(min.) at various pyruvate concentrations.
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Thia investigation demonstrates that the kinetics
of the pyruvate carboxylase reaction with respect to pyruvats
satisfy the criteria for negative cooperativity as defined by
levitzki and Koshland (1969). Alternative explamtions for
the unusual kinetics, such as the presence of tvo enzymes or
inhibition by oxaloacetate, have bsen eonli&nd untenable.
This is in contrast to obtesrvations made by Barns (1970) with
sheep xidney FPEP carboxykinase, FEP carboxykinase appears to
satisfy the criteria for negative cooperativity with respect
to IDF or PEFP bindinge The activity of the enzyme was assayed
by the fixation of '4co, to form axaloacetate, in a system
analogous to that used for the assay for pyruvate carboxylase
activity, However, with PEP carboxykinase, it was found that
a linear double reciprocal plot was obtained by the use of a
coupled gystem involving either malate dshydrogenase or
glutamate-oxaloacetate transaminase. This finding eliminates
the presence of negative cooperativity and suggests instead
that there is strong product inhibition by ccaloacstate, with
this effector introducing new interactions in the binding of
the substrate to the enzyme,

It was concluded that thR Prruvate kinstics wvere
independent of the pH of the assay system or of the concentra-

tions of other émpomnts of the system, since the kinetic
paramsters remained relatively constant despite wide
variations in pH and in the concentrations of ngrx}'. a
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substrate vhich exhibits positive cooperativity, and acetyl-
CoA; a positive effector. Glutamate dehydrogenase exhibits
negative cooperativity with respect to NAD' (LeJohn and
Jackson, 1968) and if plots of velocity against NADY concentra-
tion at various oconcentrations of glutamate ars noxmalised,
the curves became identical i.e.y the R, valus remains -
constant. levitzki and Koshland (1969) determined the
initial velocity of CTP synthesis by CTP synthetase as a
function of glutamine concentration in the presence of
different fixed concentrations of GTF. They stated that at
increasing concentrations of GTF the deviation from the
Michaelis-Menten hyperbola becsmme less pronounced but it
appears that if one normalised the curves with respect to the
maximsm velocity thay would be identical, Similariy, with sheep
liver pyruvate carboxylase the deviatiom appeared to increase
utr-oond:ldmhemlenopumlalﬁmxghmx'm\a
and tha othexr parameters remained relatively constant unier
all of the conditions tested,

Nielsen (1970) has demonstrated that pyruvate carboxy-
lase from sheep kidmey exhibits pyruvate kinetics analogous
to those for the sheep liver ensyme. The apparent Ky values
of the two enszymes are similar, but the point of inflection
of the double reciprocal plot for the kidney enzyme occurs at
2«3 mM pyruvate, vhich contrasts with the valus of 1 mM found
for the liver enzyme. It has also been reported that thes
double reciprocal plot for initial wvelocity versus pyruvate
concentration is biphasic for both the overall . reaction

(Mildvan and Scrutton, 1967) and the pyruvate-cxaloacetate
avwrharrm raaction (Seratton. Keech and Utter, 1965) mnlym



122,
by chicien liver pyruvate carboxylase. McClure (1969)

and wWimhurst and Manchester (1970) have found that the encyme
isolated from rat liver exhibits Michaslis-Menten kinetics,
hut the data presented by Wimhurst and Manchester (1970)
indicated that the pyruvate concentrations used did not exceed

3 miie

Fram the potentiation of avidin inhibition by
pyruvate it is concluded that at least two molecules of
pyruvate are bound by the enzyme. The value tort.huxd
at high pyruvate concentrations (in excess of 1 mM) agrees
well with that reported for the chicken liver enzyme (Mildvan,
Scrutton and Utter, 1968). Low concentrations of pyruvate
were not included in the study with the chicken liver ensyme,
Mildvan and Scrutton (1967) have attempted to explain the
discrepancy between the Fq value and apparent K by suggesting
that during the nommal enzymic reaction pyruvate binds to the
Lebiotin=CC, intermediate after dissociation of ADF and Pyo
but that at high concentrations of pyruvate, binding to the
iebiotin may become kinetically significant. 7his argument
is based on the observation that in the presence of non-saturating
concentrations of ATl the apparent substrate activation is more
marked and gives an apparent Ky for pyrmta‘midx is in the
range of 2-5 mie LUnder these conditions the K, approximates
the Iy for pyruvate determined from proton relaxation rate
analysis arxl from the petentiation of avidin inhibition
(Mildvan, Scrutton and Utter, 19¢6). However, with neither the
sheep liver enzyme nor the sheer Kidney enzyme was there
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mymmmamt&mntwwmu at low
concentrations of MgATP2™,

This study of the potentiation of avidin inhibition
also confirms that the manifestations of negative cooperativity
are solsly a property of the interaction of pyruvate with the
ensyme. Therefore, it should be possible to demonstrats the
binding of two or more molecules of pyruvate to the engyms
by binding studies with radicactive pyruvate. Rabbit muscle
glyceraldehyde=-3=phosphate dehydrogenase (Conwvay and Koshland,
1968) and E. goll alkaline phosphatase (Simpson and Vallee,
1970) have both been shown to possess the catalytic features
diagnostic for negative cooperativity. Purthermore, these
enzymes exhibit regative cooperativity wvith respect to the
binding of the substrate. In the former case four moles of NAD®
are bound witl progressively decreasing affinity, vhile alkaline
phosphatase binds two moles of PPy the first more readily than
the second. Fram a theorstical consideration of negative
cooperativity Teipel and Koshland (1969) have conciuded that
more than two substrate hinding sites are necessary for the
gemnsration of saturation curves with intermediary plateau
regions., They restricted their treatment to a rapid random
situation and the fact that the binding of only tw moles of PPy
to alkaline phosphatase can be detected may be an illustration
of the limited application of this treatment, or it may be a
shortoaming of the method used to detect the binding,

Attempts were made to study the binding of pyruvate to
pyruvate carboxylase by the method of Colowick and wWamack (1969),
It vas found necessary to reduce the porosity of the dialysis



membrane by acetylation (Craig, 1967) but even wvhen this
problem had been overcone, no-ignuimtbimimotwmau
mWM“ma pyruvate carboxylase of specific
sctivity 22 units per mg of protein vas placed in the upper
chamber of the dialysis cell in a volume of 1.0 ml. Because
of the relatively large cuantities of purified enzyme required
it wvas not considered practicable to characterise the system
fully under a variety of conditions e.g., vith varying sait
concentrations. Other methods available for detecting
the binding of substrate to an enzyme, such as gel filtration
(el and Dreyer, 1962) or ultracentrifugal techniques
(velick, Hayes and Harting, 1953) also require large uwnt.-
ofmri:iodmyumdhanah;wmtbommpmpdvithpymu
carboxylase.

(e) izuvate analocugs

The observed kinetic properties of pyruvate

carboxylase with respect to pyruvate may beexplained by the
occurrence of negative hamotropic interactions between binding
sites or by the existence of mutually independent sites with
different intrinsic properties. Fram the theoretical arguments
of Levitski and Koshland (1969) it is possible that the binding
of pyruvate at one site leads to an interaction with another
binding site causing the affinity for the next site toc be
reduosd. The effects cbserved with the substrate analogues
may also be explained on this basis. ﬁ-Hnnylmmu and
P=hydraxypyruvate, being substrats analogues, probably bind to
menmatmmsiuummu.lndmb_immid
possibly producse the intermction normally elicited by pyruvats.
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Therefore, the subssquant interaction produced by pyruvate
iteelf is decreased, as indicated by the decreased X value
for pyruvate. p-Hydroxypyruvate inhibits the enzyme at a much
lower concentration than / -phenylpyruvate and presmmably
has a higher affinity foé the enzyme than A-phenylpyruvate.
The greater efficiency of the inhibition by p-hydroxypyruvate
is particularly evident at low concentrations of pyruvate
vhere it competes more m«ﬁly with pyruvate than does
po= phenylpyruvate.

The effects of the inhibitors could also be explained
in terms of two different binding sites for pyruvate, such
that the pyruvate analogues react differently with one site
but similarly with the other, liowever, it has not yet been
damonstrated that any of the enzymes exhibiting the character-
istics of negative cooperativity possesses two different
binding sites.

At the present time insufficient information is
available ¢o allow any more than gpeculation about the
relatiomship of the observed pyruvate kinetics to the structure
of the enzyme. Chicken liver pyruvate carboxylase consists of
four subunits, each of which contains more than one polypeptide
chain (vValentine gt ales 1966)s Furthermore, each mole of
the enzyme contains four moles of biotin and four gram atoms
of manganese (Scrutton, Utter and Mildvan, 1966). Results
obtained from proton relaxation rate studies have been
interpreted to indicate that the manganess participates in
the binding of pyruvate by the formation of an enzyme-
manganese-pyruvate bridge complex, anxi hence that each major
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subunit possesses one catalytic site (Mildvan and Scruttomn,
1967). Manganese can provide six ligand binding positions,
three of which are probably occupisd by ths ensyme, the other
‘three being ocqxphd by water molecules, During the binding
of pyruvate one of these i® displaced. This argument is
difficult to reconcile with the recent discovery that active
pyruvate carboxylase containing bound magnesium is isalated
from the liver of manganese-deficient chickens (Criminger

and Scrutton, 1970), Magnesium .4 3 coordination mmber of
two, and it seems unlikely that it can perform the same function
a5 mangansss. Nevertheleas, if there are in fact four binding
sites for pyruvats per mole of enzyme, these binding sites

may be identical or different, deperding on the structure of
the subunits, which has yet to e elucidated. On the other
hand, the subunits may function as two dimers, which could
explain the twe values obtained for the dissociation constants.
Thus, although the ohserved pyruvate kinetics may be the result
of negative hamotropic cooperativity, it is quite feasible that
there could be two distinct binding sites with different
intrinsic properties.

it is becoming increasingly evident that negative
cooperativity is a fairly wvidespread property amongst enxymes
and is not restricted to a few isolated exmmples. Although
explanations other than nagative hamotropic interactions exist
for the occurrence of this phenomenon, its functional significance
is not affected by the mechanism by which it occurs. As a
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result of these kinetics, it appesars that pyruvate carboxylase
is insulated from fluctuations in activity over a wide range
of pyruvate concentrations. The apparent Ky Valus for pyruvate
in the lower activity range is 0.2 mM wvhich is approximately
. three=-fold highsr than the reported physiological lsvels
of pyruvate in the ruminant liver (Ballard, Hanson and-
Kronfeld, 1968; baird gt Ales 1968)s If, as has bheen asswed
by williamson (1969) and Krebs and Veech (1969), the-
pyruvate is distributed evenly throughout the cell water,
it vould seem that the activity represented by the upper
portion of the initial velocity curve would be used only when
a large influx of pyruvate precursors occurred, @.g., lactats
after vigorous esmrcise.



CHAPTER 7. GENERAL DISCUSSION
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The most significant conclusions which have been
drawn fram this investigation are

1, The activity of pyruvate carboxylase varies
maxiedly in the livers of sheep under conditions of physio-
logical perturdbation vhereas the activity of FEP carboxykinase
increases only in the diabetic sheep.

2, Under all of the conditions investigated,
the hepatic activity of pyruvate carboxylase is confined
to the mitochondria in vives, The activity of FEP carboxykinase
is distrihuted between the mitochondria and cytosol, with
mimilar increases in activity occurring in both fractions
in diakbetes.

3, Tha increass in the activity of pyruvate carboxy-
lase in fasted and diabetic sheep is iuoociaud wvith a
proportionate increase in the liver content of Munéchuicauy
reactive enzyme protein.

4, FPyruvate carboxylase fraom sheep liver exhibits
negative cooperativity with respect to the Mu.
pyruvate,

The observations leading to these conclusions, together
with their poesible implications, have already been discussed
in the relevant chapters. In this chapter scme of those lines
of experimentation vhich suggest themselves as an extension
of this investigation will be considered. These future studies
could be directed at solving three main problsms which have
arisens
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(a) the physioclogical significance of the changes
in the activities of the enzymes, particularly pyruvate
carboxylase

(b) the factors causing the changes in the activities

(c) the mechanisn by which the activities are altered,
or more specifically, in the case of pyruvate carboxylase,
the mechanimm by which the quantity of enzyme protein is
altered,

In most instances it would be advantageous to pursue
studies along these lines with pyruvate carboxylase and IEF
carboxykinase, concurrently, as wvas done in;noatotthe
experiments reported in this thesais.

The elucidation of these problems is hindered in many
respects by the lack of a suitable mmall laboratory animal.
Although there are reports in the literature of substantial
increases in the activity of pyruvate carboxylase in the
liver of rats, results obtained in this laboratory with animals
of various species suggest that the marked response of pyruvate
carboxylase to fasting and diabetes is unique to ruminants.
However, because of its size, the sheep is obvicusly not a very
suitable experimental animal for studying the mechanism and
cause of changes in the activities of enzymes. In some instances
the cost of the necessary quantities of chemicals and drugs
has been prohiditive, and in others technical difficulties
have arisen. Attempts to dsvelop a systam of dissociated cells
from sheep liver have so far been unsuccessful, and cell
cultures have not been considsred bacause fev cslls vhen
cultured retain the differentiated regulatory properties
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characteristic of those of the intact animal. with these
limitations in mind it may be constructive to oonsider same
of the experimental approaches vhich could be used.

Although a considerable amount of information has now
been accumulated about the changes in the activities of pyruvate
carboxylase and PEP carboxykinase in the sheep under various
conditions of physiological perturbation, very little is known
about the relevance of these obssrvations to the situation
ih yAvo. The increase in the activity of FEP carboxykinase in
the iiver of the diabetic sheep is probably associated with an
increased rate of hepatic gluconsogenesis, but the reasons for
the wvide responses in the activity of pyruvate carboxylase
are less clear. Crossover studies should provide information
for the asssssment of the physiological relevance of the
observed changes in enszyme activity. 7The transfer of labelled
carbon fran lactate or pyruvate to glutamate and glucose could
also be followed to camplement the measurements of enzymic
activities by providing a comparison of the amounts of pyruvate
converted to acetyl=CoA and oxalomcetate under the different
conditions (Freedman and Craff, 19583 Hill, Hobbs and Koeppe,
19583 Black, Luick, Moller and Anand, 1966). The importance
of alanine in rats and humans suggests that alterations in the
petabolism of alanine may be associated with the increased
activity of pyruvate carboxylase found in the livers of starved
and diabetic sheep. However, it.is possible that the activity
of pyruvate carboxylase increases not to cope wvith an increased
supply of substrate; but rather to cnm- that any available

substrate is comverted to oxaloacetate instead of being
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oxidised to acetyl~CoA. Studies in this laboratory are
currently in progress to determine the plasma concentrations
of amino acids in the sheep under conditions of perturbation,
and it should also be profitable to measure the turnover rates
of pyruvate precursors, especially aianine,

The whole animal is not ideally suitable for studying
the factors causing the changes in the enzymic activities.

It appears that the increase in pyruvate carboxylase occurs
relatively slovly, and this enhances the possibility that after
administraticn of compounds to the animal secondary effects could
arise during this time periods The perfused liver has been videly
used in studies of this nature in the rat., It is possible that
a more rapid increase in the activity of the enzyme may be
cffecﬁd in the perfused liver, and ancther advantage is that

a certain amount of control can be exsrcised over the composi-
tion of the perfusion medium, Again, in an animal the size

of the sheep there are certain technical problams and it has

not been possible to undertake liver perfusions during the

course of this hm:tiéntim.

Results obtained from fsmunochsmical experiments
strongly suggest that the increased activity of pyruvate
carboxylass is due to an altered rate of degradation or
synthesis dg novo of the enzyme protein., It has not yet dbeen
demonstrated conclusively that pyruvate carboxylase doss not
exist in the 1liver of normal sheep as a prmmorw.
but evidence guined so far indicates that this is unlikxely.

Some of the means of dnuminim‘the relative roles of synthesis
and degradation have already been discussed. Although the use
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of inhibitors has implicated an increased rate of synthesis

as the mechanism for the increased activity of FEP carboxykinase

obeserved in rats, the ensyme has not been studied immuno-

. chemically or with respect to the effects of inhibitors in

the sheep. The situation here is complicated by the occurrence

of the ensyme in tvo cell compartments wvith similar

increases in activity in both. Ideally, the cytosol and mito-

chondrial activities should be examined separately. The

mitochondrial activities of pyruvate carboxylass and FEF

carboxykinase are presumably synthesised in the cytoplamm.

it is becoming increasingly evident that the various components

of the nit.oehondxh have videly differing rates of turnover,

it it is not known how increased quantities of certain enzymes

are incorporated in the mitochondria under conditions of stress .
The occurrence of significant proportiomns of FEFP

carboxykinase activity in the two cell compartments poses

the problem of the functional significance 6f this distribution.

Johnson, Ebert and Ray (1970) have reported that in the rabbit,

vhere 75% of the activity is mitochondrial, cxaloacetate

seems to follov the same gluconeogenic pathway as that utilised

in the rat vhere most of the activity is in the cytosol, It may

be interesting to carry out analogous studies with isoclated

sheep liver mitochondria to determine whether ladbelled carbon

in pyruvate emerges from the mitochondria as FEF or as malate,
citrate, aspartate and fumarate. On the basis of kinetic
evidence obtained with purified sheep kidney mitochondrial PEFP
carboxykinase, Barns (1970) has suggested an anaplerotic role
for this enzyme, hut this needs to be supported by additional

information before it can be extrapolated to the situation in vive
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There are gsome very wmarked differences in the

engymatic aspects of gluconsogenesis at the thno-arbon lavel
in the iiver and k.tdn_oy. it is not l_mm' wvhether the liver
and kidney encywes are isoenzymes, controlled by differsnt
factors, or vhether they are identical, with the dif€erentes
in activity being due to their different enviromments.
Cuchterlany double diffusion analysis indicates that the
pyruvate carboxylases isclated from sheep liver and kidney
are identical, but other confirmatory experiments have not
yet been attempted.

A facet of this imestigation vhich remains almost
campletely unexplored is that of the enlarged mitochondria
seen in liver sections fram fasted and diabetic sheep.
Preliminary observations suggest that this phenamenon occurs
to such a maried degree only in the liver and that the
mitochondria of the livers of other species are less
susceptible to subh changes. As wvas discussed au:u.nr'. these
alterations may be dus to the infiltration of the liver with
lipids in fasting and diadbetes. This could perhaps be tested
by infusing a normal sheep with fatty acids, There are some
indications in the literature that the population of mito-
chondria in the rat liver is heterogemsous. It is coneaivadble
that if a similar situation exists in sheep liver, some
mitochondria may swell more readily than others, and that
increased amounts of ensymes may be incorporated preferentially
into certain types of mitochondria. Unfortunately, with
conventional techniques it is impossible to isolate mitochondria
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from the livers of fasted and diabetic sheep without the

disruption of a large percentage of the snlarged mitochondria,
as evidenced by the results described for the cell fractionation
experiments. Mitochondria have been isclated successfully
from adipose tissue (Fatel and Haneon, 1970) and muscle
(Bullock, Carter and wWhite, 1970) by the uss of ensymatic
rather than mechanical means for the disruption of the cell
membrane. These methods may prove more satisfactory than
hamogenisation for the isolation of the enlarged mitochondria
from sheep liver, If this could be achieved, the mitochondria
could be examined by sonal centrifugation, and significant
differences may also bts detoctable in their composition.

Thus, during the course of this project, some
interesting obeervations have been made about the bshaviour
of pyruvate carboxylase and FEF carboxykinase in the liver
and kidney of the sheep, and several lines of investigation
worthy of further attention have been revealed., As this
discussion has indicated, there remains a great deal to be
elucidated about the significance and mechanimms of the changes
in the activities of these enzyxmes, and such information may
add to our general knowledge of the control of enzymic
activities. Furthermore, the observations are intereasting
on a camparative basis, both in the ore species wvhen the liver
and kidney are compared, and between species wvhere there appear
to be marked differences in the behaviour of the hepatic
ensymes. It is often through differences such as these
that a greater insight into the understanding of the mechanism
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and control of a metabolic process is gained, as has been
the case in studies of healthy and diseased tissues.
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