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INTRODUCTION

The mammalian organism is constantly kepf in a dynamic steady state
through the delicate co-ordination of a series of wetabolic reactions.
One of the basic requirements in maintaining homeostatic equiliBrium‘is
the capacity of body tissues to alter the rate of metabolic reaétions
underlying various physiological procésses. This is accomplished by
supplying ér cutting off the production or availability of metabélités

and hormones. As a result of the ability to‘adapt itself to alterations

in metabolic environment, an efficiently functioning organism is maintained ’

in a homeostatic balance. At the molecular level, this ability to increase

or decrease biochemical reaction rates in body tissues is enfirely'dep;
endent upon the catalytic activities of a wide array of enzyme systems.
A state 6f health is maintained as long as the development and operation
of strategically located enzyme systems proceed smoothly and the ﬁarious
metabolic processes operate in perfect co-ordination. |
Under normal physiological conditions, various enzyme activities
exhibit a remarkable degree of comstancy in face of a continuous turnover
of numerous components of the enzyme forming system.' The synthesis and
degradation of enzymes is determined by genetic directives ﬁanifested
through DNAedifected transfer of information to messenger RNA and the
activity of template RNA on riboéoﬁal sites. This CQnstitutesva.
quantitative chenge in the activity of an énzyme'and is due to effects
exerted on the protein-synthesizing apparatus of tﬁe cell. Hormone
action through induction of several important enzymes is now a well

established phenomenon for a variety of mammalian tissues. A second

I
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mechanism whe:eby cellular enzyme activify is altered involves qualitative
changes in the catalytic properties of an enzyme. A nﬁmber of épecific
metabolites have been demonstrated to interact ﬁith the enzymelmolecule‘
and produce positive or negatlve modulation of enzyme act1v1ty The
control of an enzyme through this mechanism is acute in nature since
rapid changes are produced in its aqfivity as a result of enzyme-modifier
interactions. The ability of endogenous and foreign metabolites to
acutely modify enzyme activity in mammalian tissues has been reviewed

by Atkinson (1) and by Stadtman (2). Mono& et al. (3) presented a highly
specific model for general iﬁterpretatipns of protein—substrate—modifier
interactioﬁs and suggested that certain modulatdrs affect allosteric
sites of regulatory enzymes.

Pyruvate kinase, which catalyzes the conversion of phosphoenolpyruvate
and ADP into pyruvate and ATP is one of the important pacemaker enzymes
in the glycolytic scheme of reactions in several mammalian tissﬁes.
Considerable work has been carried out on the hormonal and nutritional |
regulation of this enzyme in tissues such as the liver, prostate gland
and seminal vesicles. Recently, studies have also been reported on the
estrogenic and progestational éontrol of the gg.ggzg.synthesis of py?uyate
kinase in the rat uterus (4). However, little or no attention has been
focussed on examining the inf;uence of specific metabolites which act
as modulators of.uterine pyruvate kinase activity under conditions of
acute adaptation. The aim of the present study was to examine the mod-
ulation of pyruvate kinase activity by several metabolltes in uteri of
normal, mature rats. In particular, the effects of L-alanine, L-phenyl-

alanine, copper, penicillamine, calcium, FDP, cyclic AMP and the
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sulphydryl inhibitor, p-chloromercuribenzoate were investigated in vitro

on the activity of uterine pyruvate kinase. o




II. LITERATURE REVIEW

A. SOME IMPORTANT ENZYMES OF CARBOHYDRATE METABOLISM

The maintenance of glucose homeostasis is of fundamental importance
for the existence of mammalian organisms since glucose.constitutes one
of the major fuels in day-to-day metabolic activities of many tissues
and orgams. Glucose is not only used during metabolism to generate bio-’
logical energy in the form of ATP, but is converted into proteins, nucleic
acids and lipids. The pentose phosphate pathway, which is involved in‘
the direct oxidation of glucose, plays a significant roie in its util-
jzation toward the synthesis of nucleic acids and'lipias. Liver and
kidney are the two major tissues which are endowed with the capacity to
form glucose from non-carbohydrate precursors. Glycogen, being'the pot-
ential source of glucose, is stored mainly in‘liver and muscie tissue.
Figure 1 illustrates the location of certain important key rate-limiting
enzymes of carbohydrate metabolism involved in the processes of glyco-
genesis, glycogenolysis, glycolysis, gluconeogenesis as well as those
in the phosphate shunt pathway. fhe phosphatases and the kinases of
the glycogen phosphorylase and glycogen transferase systems have not been
included in this figure. .Glucose production depends on the functioning
of the final common path of gluconeogenesis whiéh encompasses the enzyme
stePS‘bétween lactate and glucose. . From the point of view of function,
direction of métabolic flow and regulatory significance, various enz&mes

between glucose and lactate can be divided into three groups (5).

(a) Key Gluconeogenic Enzymes

Glucose 6-phosphatase, fructose 1,6-diphosphatase, phosphoenolpyruvate

i
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GLYCOSYL UNITS GLYCOGEN

IN GLYCOGEN SYNTHETASE
PHOSPHORYLASE ‘
(1--4 Residues) UDPG
' HEXO-OR 12| GLUCOSE-6 »
GLUCOSE S T COKINASE f:: PHOSPHATASE LCLUCOSE|-
Y
PHOSPHOFRUCTO FRUCTOSE16-
KINASE DIPHOSPHATASE
| Fi6P
fTRIOSE '
PHOSPHATE GLYCEROL
V POOL 4
: lpEpL PEP-CARBOXY-
PYRUVATE T KINASE A
KINASE [OXALOACETATE]
: PYRUVATE

LACTATE

Fig. 1. Hexokinase (or glucokinase), phosphofructokinase a1.1d pyfuvate
kinase which play a key rate-limiting role in the glycolytic pathway
are shown on the left. The four key enzymes (pyruvate carboxylase,
phosphoenolpyruvate carboxykinase, fructose l,S-diphospl:latase and glu-
cose 6-phosphatase) of the gluconeogenic sequence are 1.31ctured on tze
right side of the figure. Also shown are the enzymes 1nvolYed in the
synthesis and breakdown of glycogen. The enzyme pyruvate kinase cat-
alyzes the terminal reaction in the conversion of glucose to pyruvate
via the pathway of glycolysis.
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qarboxykinase and pyruvate cérboxylase exert a rate-limiting role in

the production of glucosé from lactate and other gluconeogenic precursors
on the basis of the following properties. These enzymes (1) havé low
activities, (2) govern one-way reactionms, (3) are involved in circum-
venting thefmodynamic barriers and (&) are localized chiefly or exclusively

in organs capable of gluconeogenesis.

(b) Key Glycolytic Enzymes

Glucokinase, phosphofructokinase and pyruvate kinase are involved
in.chahneling glucose into lactate. They act in the opposite direction
to that bf the key gluconeogenic,enzymes. These enzymes (1) have low
activities, (2) govern one-way reactions, (3) are involved in ATP-util-

izing or producing reactions and (4) show little organ specificity.

(c) Bifunctional Enzymes

Bifunctional enzymes act in the direction of both gluconeogenesis
and glycolysis. The properties of bifunctional enzymes, phosphohexose
isomerase, aldolase, triosephosphate isomerase, phosphoglyceric acid
dehydrogenase, phosphoglycerokinase, phosphoglyceromutase, enolasé.and
lactic dehydrogenase contrast sharply with those of the gluconebgenic
eniymes. These enzymes (1) have high activity, (2) catalyze reversible
‘reactions, (3)'have no thermodynamic barriers involved in their reaction

and (1) are present in almost all organs of the body.

B. MECHANISMS OF ENZYMATIC CONTROL

Although differentiation, growth and development have been far




better described mofphologically than biochemically, a variety of chemical
factors are known to bring about the differentiation and thus determiﬁe |
the specific functions of the mature organ. As each organ differentiates,
new enzyme systems appear and' exis’;ing ones are augmented or dim:_’.nished.
Similarly, acute and adaptive al'terétions generated in the metabolic
processes by the action of hormones, diet, drugs and various other envir-
ommental stimuli are affected either through activation and imhibition -
or actual synthesis of enzymes locatéd at strategic poéitions in the
metabolic pathways. _Which enzymes change when _thej appear, aﬁd what

factors control their activities and their emergence are questions of

great interest and complexify in molecular biology. Within the organism

there exist mechanisms of regulatory control v;rhich are necessal;y because
of the transitory nature of body constituents. Were it not for such
control mechanisms, our cellular processes woﬁld be operating at maximal
rates with the expenditure of much énergy and efficiency. Hence, the
basic instinct pf survival demands the existence of regulatory controls
whereby.maximal growth can be achieved with a minimal expenditure of
precursors. It ié also evident that the complex processes of growfh and -
differentiation have control mechanisms which are capable of co-ordin;

ating the biosynthetic and degradative pathways of metabolism. . These

mechanisms fall into two general categories.

(a) Repression
This system of regulatory control was discovered.in 1953 by Monod

and Cohen-Basine (6) and Vogel (7) in bacteria and subsequently was

termed "repression" by Vogel in 1957 (8). Repression may be defined as

e s oo




the inhibition of the rate of enzyme synthesis by an end product of a.
series of metabolites or a close derivative thereof. This hypothesis
describes the control of protein synthesis as a result of the action
of.several genes; a regulator gene which froducés a repressor substance,
and one or more structural genes whicﬁ elaborate the molecular structure
of the protein. The repressor acts by control;ing either directly or
indirectly the structural gene. Repression as a regulatory mechanism

is ubiquitous in bacterial systems but has also been enéounfered in
mammalian organisms. For example, Pitot et al. (9) observed that glucose
and fructose had the ability to repress the synthesis of hepatic serine de~
hydrataseraﬁd ornithine transaminasé induced by caseine hydrolysate. |
Another good example in mammalian tissues is the répression of hepatic

phosphoenolpyruvate carboxykinase by glucose (10).

(b) End Product Inhibition (Negative Feed-Back Inhibition)

In this mechanism, the end product inhibits one of the initial
enzymes involved in that particular series of reactions (11). The imp-
ortant distinction is that in end product inhibitibn, there occurs an
inhibition of enzymatic activity and not of enzyme synthesis. Althquéh
generalizations from studies on micro-organisms rgg;rding inhibition of
the first enzyme of a given sequence by its end product can be extended
to certain routes of carbohydrate metabolism in vertebrate tissues,'many
major metabolié pathwa&s reqﬁire different types 6f regulatory ﬁechanisms
since the continued operation of these processes in highly differentiated

multi-cellular organisms is essential to their existence.
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(c) Control by Metabolic Effectors

The effectors acting at the catalytic site of an enzyﬁe.(substrates,
products apd their structural analogues) are knowh to function through
"kinetic control" while the metabolic ligands which affect enzyme activity
through conformational alterationms by acting on a site other tﬁan the
catalytic site are known to exert an "allosteric.control" (12). .Coﬁplex
control mechanisms afe known to be operative at various points of inter-
action between ﬁetabolic pathways (e.g. pyruvate metabolism). Energy
link is provided through ATP: ADP (AMP) ratios in whlch ATP is an inhib-
itor of phosphofructoklnase and isocitrate dehydrogenase and AMP and ADP
as activators of these important enzymes, thus rendering both pathways
(glycolysis and Krebs cycle) subject to regulation by adeniné nucleo?. )
tides (13). The reciprocal regulator activates an enzyme in one pathway
and at the same time inhibits the opposing enzyme in the antagonistic
pathway. For example, reciprocal regulation is accomplished by AMP
which activﬁtes phosphofructokinase but inhibits fructose 1,6-diphos-
phatase; also acetyl-CoA which activates pyruvate carboxylése but inhibits

the activity of pyruvate kinase (14).

(d) Miscellaneous Factors

(i) Influence of changes in pH. Most isolated enzyme systems

exhibit a well defined pH optimum for maximal activity. Studies on
several enzymes whose catalytic activity is modulated by metabolic
effectors suggest that these enzymes may be unusually sensitive to alter-

ations in pH. Thus, the activity of DPN-linked isocitrate dehydrogenase




10

(15), activation of phosphofructokinase by AMP (16) and of pyruvate

carboxylase by acetyl-CoA (17) are markedly affected by any pH changes
within the physiological range. However, the precise significance of
pH in enzyme activity control can not be assessed since the extent to

. which the intracellular pH changes, is presently unknown.

(ii) Reversible active-inactive conversion of enzymes. In this

case, the structure of an enzyme is modified into the active form cat-
alyzing the reaction. In carbohydrate metabolism, the two well documented
examples of this type of regulatory mechanism involve the intercopversion
of the phospho- and dephospho-forms of glycogen phosphdrylase and trans-
ferase systems by specific kinases and phosphatases (18-20). Since the
activity of kinases is affected by cyclic AMP, a mechanism is provided

by which hormones such as glucagon and epinepixrine can affect glycogen

metabolism in a variety of mammalian tissues (20).

(iii) Isozymes. The existence of mulfiple molecular formé of
enzymes is mow a well known and a rather common phenomenon (21,22). In
a single cell or tissue, there may be several fofms of an enzyme, all
of which carry out the same overall reaction, but have different. physical
and chemical properties. They may differ in ﬂeir kinetic properties
and in the rate of reaction with respect to- different metabolic effect-
ors (23). The existenée of such variations in properties from one iso-

enzyme to another has provided another form of metabolic regulatiqn.

The presence of many isozymes in liver tissue has demonstrated that in

many instances, this organ appears to have its own unique set of iso-

!
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enzymes (24,25).

,(iy’) Enzyme binding to macromolecules. Relatively little is

known about ‘this form of regulatory mechanism. Its possible imp_ortance
is demonétrated in the following example: glycogen is known to interact
and stabilize phosphorylase b kinase (26) and phosphorylase a (27) and
to inhibit glycogen synthetase phosphatase (19) with the end result being
glycogeno-lysis and inhibition of glycogen synthesis. Since glycogen
storage varies with 'Ehe nutritional state of the animal (28) and since
different glycogen species bind preferentially to phosphorylase and syn-
thetase .(29), formation of such complexes may allow glycogen to play an

important role in the regulation of its own metabolism.

C. EVALUATION OF POTENTIAL CONTROL SITES

The 'search. for enzymes participating in pathways of carbohydrate
metabolism'which are susceptible to regulation by one or more factors
indicated the existence of many control sites. Although most of the
work has been carfied out on irreversible and low catalytic activity
enzymes under in | vivo conditions, it emerged that the reaétion involved
was rate-limiting'fof the particular overall metabolic pathway. The
method most widely employed for detecting a rate-limiting step involved
the application of the crossover theorem (30) to the studies in which
the levels of various intermediates of a given pathway are measured

during a transition period between two steady states. Another alter-

native for locating the rate-limiting step has been to study only those:

reactions which are far removed from equilibrium under in vivo conditions.
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Such reactions are identified by measuring the mass action ratios under
both in vivo and in vitro conditions. The regulatory significance of |

such reactions far from thermodynamic equilibrium in vivo is thén deter-
mined by measuring the substrate levels under conditions .of altered over-

all flux in the pathway concerned.

The d:.ffn.cultles involved in such studies are related to the poss:.ble

existence of a heterogenous population of cells in a single tlssue (e g.
brain in contrast to liver and kidney), multiple pools of intermediates’
(e.g. gluconeogenic as contrasted to glycolytic i'ntermedia'tes)', and to
the précise time intervals to be chosen which truly repreéent the frans-
ition phase. It may be mentioned that the use of kinetic properties of
an isolated enzyme as a guideline for idemtification of regulatory
factors, has also been used although this may sometimes be hazardous.
First, the properties of an enzyme are, in most cases, infe;'red from
studies performed at very low enzyme concentrations, while the intra-
cellular enéyme concentrations may be much higher than those used for
studies on isolated enzymes. Secondly, the intracellular environment

is generally markedly different from in vitro assay conditions and thirdly,
the procedures employed for isolation of enzymes may actually alter their

properties causing changes such as loss of sensitivity to certain meta-

b_olic effectors.

D. HOMEOSTASIS AND GENERAL REGULATORY SYSTEMS

Homeostasis may be defined as a situation in which both internal
and external factors are functioning harmoniously. External factors may

be physical, ecological or nutritional, while the 1nternal factors
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consist of genetic, neural and hormonal systems.. The vital factors
controlling subcellular metvabolic;regﬁlation include the autonomic
nervous system and the hormonal and nutri_tionali control of individual

enzymes.

(a) Autonomlc Nervous System

In consmdemng regulatory mechanisms in multlcellular organlsms,
the autonomic nervous system undoubtedly plays an important role. The ..
hypothalamus holds a central position carrying out swift .régulatién |
through mgdiation of the sympathetic and parasympathetic components of
the autonomic nervous system. Generally_speaking,’ it could be stated
that norepinephrine is the neurot;;aﬁsmitter at the sympathetic nerve
endings with ty'roéine hydroxylase (31,32) being the rate-limiting enzyme
in its biosynthesis. . The chemical agent elaborated by the parasympathetic
systenm is acetylcholi_ize; choline acetylase and acetylcholihe esterase
are the enzﬁw involved in its metabolism. It is well documented that-
the sympathetic and parasympathetic nerves act mostly in reciprécity,
on the respéctive target organs. Stimulation of the sympathetic nerve
results in a very rapid response, while that of the pai’asympathetic
evokes a relativel;f slow. response. In keeping with these physiological
aspects, Shimazu et al. (33,34) demonstrated that electrical stimulation
of the splanchﬁic,nerve (sympathetic) of rabbits (imtact or pancreatect-
omized) caused a markéé jncrease in glycogen phosphorylase and glucose
6-phosphatase activities as well as an increased blood glucose and

decreased liver glycogen. These alterations occurred in liver within

thirty seconds, while stimulation of the vagus nerve (parasympathetic)
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had no effect on these enzymes. In point of. fact, it counteracted the‘
metabolic changes brought about by stimulation of the sympéfhetic nefve.
The activity of glycogen synthetase was increased within 5 minutes after
stizulation of the parasympathetic nerve. In contrast, stimulat.ic;n of
the sympathetic nerve produced no effect, although it effectively counter-
acted the changes produced by stimulation of the pérasympathetic nerve.

It was further observed that alterations brought about by sympathetic
stimulation is due to activation (acfinomycin—insensitive) of the inactive
fom while the recuperative process induced by parasympathetic stimulation
was aécompanied by enzyme synthesis de novo (actinomyéj.n—sensitiw}e). A1l
of these studies indicate that the autonomic ﬁervous system exerfs an

important role in enzyme regulating mechanisms in certain animal tissues.
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(b) Hormonal and Dietary Control

i
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Duriﬁg the last 15 years, a multitude of studies has shown that
enzyme levels in animal tissue can be altered by a wide variety of
nutritional and hormonal manipulations. The list of enzymés so affected
is remarkably large and includes examples from every major metabolic
pathway in one or more tissues. In the next few pages, an attempt has
been made to summarize such changes, mainly with respect to enzymes of
the glycolytic and gluconeogenic pathways iﬁ hepatic tissue. This tissue \
has been chosen by most investigators simply because of its ready avail-
ability and relatively homogenous nature with respect to cell-type pop-
ulation. One of the major physiological functions of liver is to modify

ingested nutrients to maintain constancy of the milieu interieur. It

is therefore not unexpected that liver enzyme levels fluctuate the
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greatest in response to various stimuli in vivo. Sometimes it is extremely
difficult to know,whefh;r the'hormonal orvnutritioﬁal stimulus acts
directly on an énzyme system or is a conéeguence of seéondary compensatory
responses of the intacf.animal. In order to by-pass éome of these comp-
lexities, use has also been made of isolated organs or cell culture systems

by certain investigators.

(i) Hormonal regﬁlation. Tryptophan pyrrolase was the first

liver enzyme to increase with the administration of glucocorticoids (35)
and subseéuently also by tryptophan and its analogues (36). Feigelson

and Greengard (37) suggested that the mechanisms involved in the induction

of hepatic tryptophan pyrrolase by giucocortiéal.hormones and by tryptophan -

were different. It was demonstrated thét, while hydroéortisone increased
the biosynthetic rate of this enzyme, treatment with tryptophan diminished
the rate of enzyme degradation (38). Tyrosine fransaminase was another
important enzyme found to be increased by giucocorticoid treatment (39).
Kenney and his group (40) later showed that both insulin and glucagon
could also increase the rate of synthesis of tyrosine transaminase in rat
liver. Chronic administration of gluéocorticoids was found to induce the
activity of hepatic glutamate-alanine transaminase (41,42). Glucocorticoid
hormones were also observed to function as inducers of hepatic glucose 6-
phosphatase, fructose 1,6-diphosphatase, phosphoenolpyruvate carboxykinase
and pyruvate carboxylase (5), the four rate-limiting enzymes of the gluco-
neogenic pathwéy. Evidence has been presented that one and the same
hormone can result in a reciprocal regulation of catabolic and anabolic

enzymes. For example, growth hormone can induce 3-phosphog1ycerate
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dehydrégeﬁése' tcétaljsing gerine synthesis) wﬁile a'l; i:he same t_iﬁe
suppreésiﬁg ith.é; a&ivity of serine dehydratase (catalysing serine degrad-
ation) (43) Coﬁx}ersély, hydrocortisone suppresses the biosynthesis of
serine and at the same time can promote its catabolism (43). Similarly,
Webér et gl. (ui) démonstrated that insulin acts in a dual capaéity as
an inducer of key »glyéoljt'ic enzymes and as a sui)f:ressor of the iaiosynf:hesis
of gluconééégﬁic éﬁzymes in hepatic tissue. | |
Inéulin acts as an inducer for glycogen synthetaée (45) for the‘ v
thréé strat_égic élyéolytic eﬁzymes (44), and -for thé key enzymes of fatty
acid syn‘thesis. (46), thus résulting‘in an increase in g;l.ucose'upta];e, |
glycogeﬁesié, glycolysis and lipogenesis. - On the othef hand, insulin
acts as a.s‘uEEfessor of the four key gluconeogenic enzymes'. Thus, insulin

integrates hepatic metabolic function at the enzyme level resulting in

increased metabolic utilization and storage of glucose and decreased
production §f this hexose. Insulin action is emphaéi:éed by its attacking
at key metabolic points where metabolic flow directi‘opl is determined and
by its acting antagonistically on the biosyntﬁesis of opposing énzjme
systems. | In alloxan disbetes the activities of the four hepatic key
gluconeogenic eﬁzymés are markedly increased, whereas the opposing three
glycolﬁic enzymes are decreased. Imsulin brings enzyme acti'vitiesl to
normal bybsimultaneously decreasing the biosynthesis of the gluconéogenic
enzymes aﬁd induéing the biosynthesis of the glycolytic enzjmes.' When
ratios of activities of the rate-limiting enzymes of gluconeogenesis |
and glycolysis were calculated roughly (glucose 6-phosphatase/glucokinase;
fructose l,6-diphosphatﬁse/phosphofructokinase; phosphoenolpyruvate

carboxykinase + pyruvate carboxylase/pyruvate kinase), it was found that
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these ratios in the diabetic rat increased 30, 6 and 13—fold; respéctively.
Insulin returned-these ratios to normal. Thus, insulin achieves its
integrative function by a simultaneous but antagonistic action on opposing

rate-limiting enzyme systems at the branching poinfs of metabolism.

(ii) Dietary regulation. Considerable evidence has accumulated

which iﬁdicafes that a direct relationship exists between the aétivity |
of many enzymes and'.'the nutritional state of the animal. Arginase, one
pf the enzymes involved in amino acid metabolism, was found to be increaséd
when ain’.mals were maiﬁtainéd for 2 weeks on a high protein diet. The'
observed rise was due to increased enzyme synthesis‘ rather than a decreased
rate of it$ degradation (47). When rats were maintained on é protein%
free‘diet for S dayé' anci then force-fed either casein hydrolysatev or an
equimolar mixture of eight essential amino acids, the enzyme serine
dehydratase increased almost 100-fold. (48-50). Simultaneous admiﬁstration
of glucose or fructose completel& abolished the obsérved effects of
amino acids on hepatic serine hydratase. The activity of acetyl CoA
carboxylase, a rate-limiting enzyme in lipid biosynthesis, was found to
be increased.'over' 25-fold in animals maintained on a fat free diet, when'
compared to those fasted for several days (51). Using the combined
immunologic and isotopic techniques, Majerus énd Kilburn .(52) cbserved
that degradatic;n- of eﬁzymes is accelerated in starved animgls while enzyme
synthesis is increased in animals fed a fat free diet. ‘

Krebs ana Eggleston (53) reported that the activity of hepatic
pyruvate kinase decreased to about one third on changing from a standard

diet to a low-carbohydrate diet. When the animals were kept on a high-
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carbohydratg diet, pyruvate kinase activity rose more than thrée—fold

of the cop‘l?rol.values. Hepatic glucokinase decreased to extremely low
levels during starvation and reappeared on refeeding (54). The activity
of higp Km glu_cokinase also decreased markedly in livers of aJ,ldxa:_x—
diabetic rats; enzyme ac‘tiﬁity was restored to the normal range upon
administration of insulin (55-57). Treatment with glucose was effective
in provoking the reappearance of giucpkinase in fasted rats while the |
low Km hexokinase remained essentially unaltered. ‘Iphibition of the
glucose or refeediné—induced restoration of glucokinase by several inhib-
i1_:ors of RNA and protein syntheéis suggested that an actual de novo

synthesis of the be‘nzyme may have been involved.

E. GLYCOLYTIC CONTROL MECHANISMS

Since the maximal catalytic activity of the enzymes of glycolytic
pathway_ exceeds the observed rates of glycolysis in several tissues
examined (58), the control of the activities of various rate-limiting
enzymes and the availability : of substrates are probably the major factors
contributiﬁg to regulation of the glycolytic flux. Comparison of the
mass action ratios for the glycolytic enzymes in perfused rat heart (59)
and guinea pig cerebral cortex slices (60) with equilibrium consj:énts
measured for the isolated enzymes under similar conditions, indicated
that the activities of hexokinase, phosphofrﬁctokinase, pyruvate kinase
and of glyceroaldehyde '3-phospha1.:e dehydrogenase are far from equilibrium
in vivo. The rate-limiting steps in the giycolytic pathway‘ have.also
been defined by ai:plication of the cross-over theorem (30) to measure-
ments of the levels of glycolytic intermediates before and after pei*tu:;*-

bation of the metabolic flux. Such pertubations have been induced by an
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aerobic to. anaerobic transi‘tion (increased flux) in yeast and mouse
brain and by addition of acetate or fluoroaéetate (dééreased flux) in
perfused rat hearts (61-65). In all cases, & cross-over was obtained
between fructose 6-phosphate and fructose‘i,s-diphos.phate indicating
that the glycolytic flux is controlled primarily at the level of phbspho—
fructokin.ase.v The increased flﬁx_observed during aerobic-anaerobic |
transition probably results from aecreased levelé of ATP and increased
levels of frﬁctose 1,6-diphosphate and AMP which cause activation of -
phosphofructokinase (66). On the other hand, the decreased fiux observed
after addition of acetate or flﬁoroacetate to perfused rat heé:’ots may
result from the accumulation of citrate (59,65,6‘7,68) since citrate is

a potent inhibitor of phosphofructckinase (69).

(a) Control of Glycolysis in Gluconeogénic Tissues

In both liver and kidney, the contributions of the pentose phosphate
pathway ;and of glycefol to glucose 6-phosphate utilization complicate
precise estimates of the glycolytic flux. Howevér, thé observed flui
is considerably lower than the maximal catalytic activitieé of key
glycolytic enzymes in these tissues. -Although alterations in various
glycolytic enzymes have been aéhieved by administfation of hormones or
changes in dietary status, regulation by substrate availability and
metabolic effectors may also provide a primary ‘qontrél mechanism in
these .tissues. A cross-over between glucose 6-phosphaté and frﬁctose
1,6-diphosphate has been reported to occur in rat kidney slices when the
glycolytic flux is either increased by anoxia and cyanide or decreased

by short-chain fatty acids or ketone bodies (70). The increased flux
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induced by anoxia or cyanide reduces ATP: AMP, ﬁhich in turn causes marked

activation of phosphofructokinase (69).

(b) Estradiol Action on Uterine Glycolytic Enzymes

Hormonai regulation of the functional differentiation of accessory
sex organs entails an increase in the synthesis of many proteins including
those enzymes which govern secretory activity, cellular maintenance and
physiological function. .Evidence indicates that estrogenic hbrmones
regulate uterine glucose metabolism by exerting their. effects on receptor
sites ét the source of enzyme formation to turn on or off the biosyntheéis
of certain enzymes involved in carbohydrate mefabolism (71,72). The
activities of hexokinase (73), phosphofructokinase (74) and pyruvaté '
kinase (4) decreased markedly on castration and returned to the normal
range followiﬁg estrogen 'l;reatment. } Investig'ataions with estrioi, 'estrone,
diethylstilbestrol and estradiol-178 indicate that the enzymatic responses
to these esltrogens parallel their known physiological potencies wf.th
estradiol—l?B. being the imost potent inducer of these enzymes. Vhile a-
single injection of estradiol-178 (10.0 ug/100 g) by the intramuscular
route produced significant increases in enzymé activities at 4 hours,
greater increases és early as 2 hours were observed after intréperitoneal

or intravenous administration of this hormone. The increases in uterine

enzyme activities were dose-dependent. The estradiol-induced enhancement

of uterine glycolytic'enzymeé was blocked effectively by actinomycin,

puromycin, cycloheximide, 5-fluorouracil and ethionine, indicating that

these enzymatic responses involve stimulation of both RNA and protein

synthesis. Testosterone and progesterone were also capable of antagonizing
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the estradiol—induoed incfeases in the activities of uterine he#okinase,
phosphofructokinase and p&ruvate kinase; these observations emphasize

the imoortanoe of hormonal intepactions in the regulation of uterine
metabolism. The estrogen-stimulated changés in uterine enzymes showed
positive correlation with the enhanced productJ.on of lactate and a-glycero-
phosphate by uterine. supernatants (75,76). The results obtained are-
consonant wrl:h the suggestlon that estrogemc hormones induce simultaneously
the de M synthes:x.s of all three of the key rate-limiting glycolytlc

enzymes to amplify the process of glfcolysis in uterine tissue (72).

F. ROLE OF PYRWATE KINASE IN GLYCOLYSIS (ATP-pyruva‘te-phosphotransferase).'

The enzyme pyruvafe kinase plays an important role in the overall
control of uterine glycolysis. This enzyme catalyses the formation of
pyruvate and ATP from ohoephoenolpyruvate and ADP. For all practical
purposes, the reaction is irreversible with a high negative valt_le for the
free energy change (r°, = -5.72).. The exergonic nature of pyruvate kinaseb
(77) and other glycolytic enzyme reactions led Sir Hans Krebs (78) to
postula‘ee that the carbohydrate synthesis by direct reversal of glycolysis
was impossible under physiological conditions. The product of pyruvate
kinase catalyzed reaction .(pyruvate) occupies a central position in
cafbohydfate metabolism as shown in Figure 2. ‘

In glucose form:.ng t:.ssues such as liver and kidney, the process

of gluconeogenesis requires not only active pyruvate carboxylase and

phosphoenolpyruvate carboxykinase, but also simultaneous inhibition of

pyruvate kinase which has a rather high turnover of activity. An

unimpeded pyruvate kinase activity would result not only in impaired

glucose formation, but also in a futile cycle resulting in the wasteful
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PYRUVATE [OXALOACETATE|

PYRUVATE
A

ALANINE ‘ \
[ACETYLCoAl=== - KREBS CYCLE

TN~ {FATTY ACIDS
S

KETONE BODIES
STEROIDS

Fig. 2. Bold face letters indicate the conversion of PEP to pyruvate
catalyzed by the enzyme pyruvate kinase. Pyruvate may be converted to
malate (malic enzyme), lactate (lactate dehydrogenase), alamine (trams-
aminase) and to oxaloacetate (pyruvate carboxylase). Pyruvate is also
metabolized to acetyl-CoA which is then channeled into the Krebs cycle
and the formation of fatty acids, ketone bodies and steroids.
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breakdown of ATP. This enzyme is also of .great intefést fo clinicians
since a genetically determined deficiendy of. erythrocyte pyruvate kinase
results in a severe hémolytic anemia '(79) anci aiso because of the easy
vulnerability of pyruvate kinase in phenylketonuric fetuses lea&i_ng to
severe metabolic damage and dysftmctibﬁ in the neohqtal' bré.in (80). &
severe deficiency in the important ATP generating reaction in glycoiffsis
catalyzed by pyruvate kinase, and the ?:onsequent interferénce with the
ability to oxidize NADH at the following l%ctic dehydr_ogeﬁase step pres-
umably‘imposeé a metabolic handicap leading to prematufe erythrocyte
dgstruétion in the body, hemoiytic‘ énémiag"aﬁd the atten&ant clinical

manifestations of the disease. In addition, the possible relevance of

pyruvate kinase in Wilson's disease (81,82), characterized by accumulation’

of abnormal amounts of copper, has further served to focus attention on

the metabolic potential of pyruvate kinase in brain and other tissues.

(a) Regulation of Hepatic Pyruvate Kinase Acﬁvity

Krebs and Eggieston (53) were the first to report marked alter-
ations in pyruvate kinase activity of liver without any concui‘rent
changes in the kidnéy ‘cortex eﬁzyme when starved rats were fed a high
carbohydrqfe diet._‘ These investigatbrs suggested that whereas iow
pyruvate kinase activity (starvation or low carbochydrate diet)l favours
gluconeogenesis',,.high actifity of the enzyme'f;vours the degradation of
carbohydrate and its c‘onversion into fat. Pymivate kinase é.ctivity could
therefore play a key role in the switch-over from glycogen storage to
fat éto:age. Webér et al. (44) reported that the overall activity of
hepatic pyruvate kinase was markedly reduced in allbxan-diabetic animals

which returned to the normal range on insulin treatment. The’ fact that
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hepatic pyruvate kinase, but not the skeletal muscle enzyme, was -influenced

by dietary (53) and hormonal manipulatioﬁs (83) sﬁggested that the enzyme
in these two tissues might be different. -Indeed, subjécting the crude
liver extracts fo further purificatibn, two types of pyruvate kinaée have
beeﬁ identified by electrophoretic mobility and immunological procedures.
It was demonstrated that the major cbméonént, designated.as type-L, was
the one which increased upon admm:.strat:.on of msulm or a high carbo-
hydrate diet. In contrast, the type-M enzyme, which resembled pyruvate
kinase from skeletal muscle, showed only little or mo change in response
to hormonal or d:Letary treatment. Furthermofe, in both regenera'ting liver
and hepatoma cells, most or all of the pyruvate kinase activity was of
the H-type (83). |

The type-M enzyme which remains relatlvely unchanged by dietary
modifications and increases in regenerating liver.and certain hepatomas, .
appears to be related to the degree §f differentiation of the 6rgan.
Since the total hepatic ‘pyruvate kinase ‘ac_:tivity was found to be j.ncreased
during the weaning period, Middleton and Waiker ( 84) examined the nature
of . the various forms of hepatic pyruvate kinase at different stages of
development. - It was observed that the M-type enzyme which is neither
stimulated 5y fructose 1,6-diphosphate ner inhibited by copper, exhibited
high activity in the fetal liver but decreased duririg late gestation.
The act:.vn.ty of type-M pyruvate k:.nase fell to a low value after birth
and remained constant throughou't the developing per:.od. In contrast, -
the activity of L-type enzyme was low in early fetal and neonatal livers
but increased ﬁlarkedly at the onset of weaning. While searching fgr ’

regulatory mechanisms which selectively control the activity of both
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types of pyruvate k:.nase, Passeron et al. (85) found that the L-type
enzyme (precipitated by 20-45% ammonium sulfate) was strongly 1nh1b11:ed

by copper; almost complete inhibition being achieved with copper ion
cox:zcentr'ation of 0.006 mM. The effect 'ofl other ‘r‘netl'al‘ ions was also
exammed on the activity of pyruvate kinase type-L. Only zinc (at a cone-
entration of 0.066 mM) produced an 1nh1brl:10n of 70'6, whereas calc:Lum,
barium, manganese, iron, cadmium a.nd‘ lead -ions showed no apprecf

iable effects. It was further observed that the inhibition by cépper

of L-type pyruvate kinase was completely '"reverted" by fructose 1,6-
diphosphate. Copper inhibition of L-type pyruvate kinase act:.v:.ty also
was "revers1ble" by ethyleneglycol bis (aminoethylether) tetra-acetn.c

acid and other chelatmg agents like ethyleneamne tetraace'tate and 8-
hydroxyquinoline. However, fructose l,G-diphosphate proved by‘ far the
most éffective in reversing the inhibi‘;ion produced by copper. It is

of interest that both fructose 1,6-diphosphate and various ch‘elat:‘i.ngb
agents by themselves exerted activating effects (20-100%) on the L-tjpe'
enzyme activity when.measured in presence of low concentrations of the
substrate. However, copper, fructose' 1,6-diphosphate and chelafing agents
failed to exert any such effects on pyruvate kinase type-M. ?ollowin;g
preincubation at 37°C,. the type-L enzyme declined in sensitivity to ‘
inhibition by copper while the aétivation effect of fructose 1,6-diphos;-
phate in 1.:he absence of the inhibitor was markedly increased. _Since
copper concentratlons in liver of adult mammals are we
which produce snhibition of the L-form of pyruvate kinase "1n vrtro,

this type of the enzyme may normally remain 1nh:.b1ted in liver so that

its activity "in v1vo" could be controlled by small varla'tlons in fructose

rell over the range (86,87)
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l,B-diphosphatg which acts selectively o;z the L-form of hei)atic pyruvate
kinase.

Bailey, Stirpe and Taylor (88) also investigatéd'the effects of
the interaction between copper ioms and fructose 1,6-diphosphate 6n L-
type pyruvaté kinase in hepatic tissue. These workers observed thé't the
activity curves for the L-type enzyme had two components ;‘ one saturated
at a low concentration of phosphoenolpyruvate (Km = 0.1 mM) and conforming
th Michaelis-Menten kinetics (La-form) while the other éxhibitiné sigmoidal
kinetics with a half maximal activity at about 1 mM (Lb-form) concentration
of the substf;afe. Tﬁe L, (low Km form) form was not affected by fructose
1,6-diphosphate while the type Li) (high Km form) was allosterically
stimulated by fructose 1,6-diphosphate. Preincubation of the liver
extract at 25°C for 10 minutes converted La into Lb form causing a ma¥*ked
increase in cp-operativity with respect to both phosphoenolpyruvate and
fructose 1,6-diphosphate. Although these authors found a similar inhib-
itory effect ofAcopper on the L-type enzyme as that reported by Passeron
et al. (85), some points merit further consideration. Passeronl and his
co—workersb(85) reported reversal of copper ion inhib;tidn by fructose
1,6-diphosphate and EDTA for which Bailey and his collaborators found
little evidence. The latter authors made distinction between protection
and reversal and preferred to call the antagonizing ac'i:iqn of fmctose
l,G—diphosph‘até,. EDPA and other chelating agents as protection since
they were able to prevent inhibition only when added before, but not if
after copper had already been added to the incubation medium. Also, the
substrate phosphoenolpyruvate at higher concentrations was found to be

effective in protecting the enzyme inhibition by copper. The observed
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effects of phosphoenolpyrufate and fructose 1,6-diphosphate wefe accounted
for by their ability either to chelate copper or alter the conformation

of the enzyme rendering the sites less accessible for copper ioms. Tﬁése,
authors. also confifmed the findings that high carbohydrate diet containing
~ fructose can increase pyruvate kinase activity onlf in liver but'ﬁot.in
kidney, brain, heart and spleen, which is.in accord with the observations
that only the L-type activity is influe#ced by diet and that only iivep
may contain L-type enzyme (85). While studying the influence of'pH, it
was obServea that acidity was detrimental to the enzyme.acti§ity irresp;
ective of the concentration of the substrate (phosphoenolpyruvate) or'
the activator (fructose 1,6-diphosphate) used. In the pH range of 7 to

8, L-type enzyme activity was inactivated, particularly at low substraté
concentrations regardless of whether fructose l,6¥diphosphate was present

>

or not.

(i) Effects of nucleotides. Weber et al. (14) examined the

influence of various nucleotides on pyruvate kinase activity in liver and
hepatoma cells. The nucleotide, ADP, participates in pyruvate kinase
reaction as an acceptor. Among the diphospho nucleotides (ADP, GDP, UDP,’
IDP, CDP and TDP) tested, ADP was found to have maximum affinity for. |
hepatic and hepatoma pyruvate kinase. In contrast, all triphosphates
examined proved'to be inhibitory, ATP being the most potent followed‘by
GTP. The inﬁibitory effects exerted by GTP may be of particular interest
since GIP is an actlvator as s well as a cofactor in the reaction catalyzed
by phosphoenolpyruvate carboxykinase which opposes the reaction catalyzed

by pyruvate kinase. This type of reciprocal inhibition which plays an
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important role in metabolic regulations has also been implied_iﬁ the
actions of AMP and acetyl—CoA; AMP being an inhibitor of fructose 1,6~
diphosphatase and an activator for phosphofructokinase while acetyl CoA
being an actiyator for pyruvate carboxylase aﬁd an inhibitof for pyruvate
kinase. Thymidine triphosphate, which is a feedback inhibitor of several
important enzymes of nucleic acid blosynthe51s was also observed to |
be a potent inhibitor for pyruvate kinase with an apparent K; of 0.39 M
for liver and 0.33 M for hepatoma pyruvate kinase. when assayed in the

presence of low levels of ADP (14).

(ii) Effects of free fatty acids, acetyl CoA, NADH and alanine. 1

A rise in the levels of free fatty acids and acetyl-CoA in liver has ‘ : .
been reported in many metabollc states such as starvation, dlabetes and

on glucagon or cortisol treatment. -These circumstances which are
associated with a predominance of gluconeogenesis over glycolysis, suggested
a role for these various metabolites in controlling -the activities of
glycolytic enzymes. Studies undertaken by Weber et al. (89) demonstrated
that free fatty acids exerted inhibitory action on hepatic pyruvate |
kinase, which was dependent ;pon the dose of free fatty acid and the

length of preincubetion.. The effective concentfatien of laurate, myristate
and octanoate, which inhibited pyruvate kinase activity, was within the
physiological range of their levels reported to be present in the plasma

of diabetic rats and humans (90-92) Addition of acetyl-CoA was also found to’

produce inhibition of hepatic pyruvate kinase in a dose-dependent manner.
In addition, NADH which increases during lactate to-pyruvate conversion,

inhibited non-competitively the activity of hepatic pyruvate kinase,
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the inhibition being more pronounced upon preincubation. It is of
interest that the effective cdncenfrations'of NADH to inhibitbpyruvate
kinase under in vitro conditions were considerably higher than those
found in livér'under the conditions of increased gluconeogenesis. Seubert
and co-workers (93) found that alanine was élso capable of producing |
marked inhibition of liver pyruvate kinase. L-Alanine increased the Km
for phosphoenolpyruvafe and protected the enzyme from thermal inactivation
in both liver and hepatoma cells. D-Alanine, on the other hénd, neither
inhibited the activity of hepatic pyruvate kinase nor protected the

enzyme from thermal inactivation (ou).

(b) Muscle and Brain Pyruvate Kinase

Tt became apparent from the studies of Bailey et al. (88) and

of Tanaka et al. (83) that muscle pyruvate kinase is not adaptive to
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diet or hormonal stimuli. The muscle enzyme, when subjected to starch
block zone electrophoresis, was cbserved to yield a singie peak in
contrast to 4 bands seen for liver extracts. The muscle enzyme (1ike
the hepatic M-type) exhibited normal Michaelis Menten‘kinetics toﬁards'
phosphoenolpyruvate and the Km value for this substrate was noted to be

around 8.7 x 10_5M. Tn contrast to hepatic L-type pyruvate kinase, the

skeletal muscle enzyme was totally insemsitive to feed forward control
by fructose l,é-dipﬁoéphate and was only slightly affected by ATP and
copper. Weber gg_g;,’(gu) demonstrated that L-alanine which was a
competitive inhibitor of hepatic pyruvate kinase, failed to affect théb

muscle enzyme. In addition, muscle pyruvate kinase was shown to be one
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order of magnitude less sensitive than the hepatic L-type to the non-
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competitiye inhibition produced by aéetyl—CoA (89).

In contrast to hepatic pyruvate kinase, 1_:he enzyme activity in rat ‘.
and human brain was mérkedly inhibited by L-phenylalanine with ‘arbx‘ apparent
K; of 8.5 mM. | Unlike pyruvate kinase in liver; L-alanine failed to
produce any appreciable effect on the brain enzyme (1%). While fructose
1,6-diphosphate stimulated ‘pyruvate i<inase in liver, it exerted 1'10 sig-
nificant effect on enzyme activity from the brain (82). Schwark ?il;_ _ai
(82) also noted that the inhibition of brain pyruvate kinase by cu'’ and

L-phenylalanine could be 'prevented and reversed by L-alanine. Although

. . . . On
the cerebro-cortical enzyme was resistant to thermal inactivation at 37°¢C,

incubation of the enzyme preparation at 55°C for 60 minutes resulted in
approximately 60% inhibition of its activity. Preihcubation with L-alaniné.
provided partial protection _agains‘t'thermal inactivation of the enzyme.
Although L-alanine exerted no effect on the non-competitive inhibition

of pyruvate kiﬁase produced by calcium, such inhibition was pre;rented

and reversed by EDTA. The sulphydryl inhibitor, p—chlofomercuribenzoate,
produced a dose-dependent inhibition of cerebro-cortical pyruvate kinase,
whereas addition of penicillamine resulted in a slight activation of

the enzﬁe. Although inhibition of pyruvate kinase by p-chloromercuri-
benzoate was unaffected by L-alanine, penicillamine effectively prgvented

and reversed the inhibition produced by p-chloromercuribenzoate.

(c) Pyruvate Kinase in Adipose Tissue, Frostate and Seminal
Vesicles '

Tanaka et al. (95) reported that rat adipose tissue contained

the fructose 1,6-diphosphate insensitive type-M enzyme. .This was later
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conflrmed by Pogson (96) who also demonstrated that in presence of EDTA,

the enzyme could be converted to 2 fructose 1 S-dlphosphate—sen51t1ve

form which showed similar electrophoretic pattern as the liver L-type
enzyme. Recently, Vijayvargiya et al. (97) studied the modulation of
pyruvate kinase activity by several metabolites in the prostate gland

and seminal vesicles of normal mature rats, and.concluded that the enzyme
in these male sexual tissﬁes might be‘similaf_to'the M-type isozyme.
Whereas direct_additien of fructose 1,6-diphosphate te the reaetion mixture
exerted no effect on pyruvate kinase acfivity, slight activation_of the
prostatic and seminal vesicular enzyme was produced by L-alanine. Pyruvate -
kinase activity in both aecessory sexual tissues was rapidly inactivated
by iﬁcubation of the supernatant fluids at 37°C; this activation was
prevented by L-alanine. Whereas L—phenylalanlne was found to be a comp—
etitive 1nh1b1tor of prostatic and vesicular pyruvate klnase, L—alanlne
was capable of preventing and reversing the 1nh1b1tlon produced by L~
phenylalanlne. Pyruvate kinase activity in both tissues was also inhibited
by Cu2 in concentrations as low as 0.005 mM; 50% inhibition of the

enzyme was produced by 0.2 mM Cu2+. Addition ef L-alanine prevented as
well as reversed the inhibition produced by low concentrations of this
cation. Although the precise mechanism by which L-alanine modulates
‘pyruvate kinase activity in the prostate and semlnal ve31cles was not

fully elucidated, its ability to activate and protect the enzymelagalnst
Cu2+ and L-phenylalanine inhibition was considered to be consistent

with an aliosteric regulatory mechanism. The sulphydryl inhibitor, p-CMB
produced a dose-dependent inhibition of prostatic and vesicular pyruvate

kinase whereas addition of penicillamine resulted in a slight activation
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of the enzyme. In addition, penicillamirie effectively reversed the
inhibition produéed by p-CMB as well as b;f Cu2+. The thermal ;‘.nactivafion
of pyruvéte kinase activity. in these male sexual tissues was also §rev-
ented effectively when the supernatant fluids were preincubatéd in the
presence of penicillamine (97). | |

Although considerable work has been carried out on the mddulation
of pyruvate kinase activity in brain, liver, skeletal muscle, adipose
tissue, prosfate gland and seminal vesicles, little or no attention has
been pa:.d to the control of this enzyme by specific metabolltes in
uterine tissue. In the present 1nvest1gat10n, an attempt has been made
to identify certain factors which are capable of affecting the in vitro
activity of this key rate-limiting glycolytic enzymé in uteri of normal,

mature rats.
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III. MATERIALS AND METHODS

A. ANIMALS

Mature female rats of the Wistar strain weighing approximately 180-
200'g'were obtained locally from Biobreeding Laboratories of Canada Ltd.,
Ottawa, Ontario. Animals housed in individual cages and maintained.on
Master Laboratory Chow and free access to water were used throughout the

course of this study.

B. SAMPLE PREPARATION

Rats were stunned, killed b& decapitation and éxsanguinated. The .
uteri were rapidly removed, dissected fr;e of all achering fat and conﬁ-
ective tissue, weighed on a Roller-Smith torsion balance (Federal Pacific
Electric Co., Newark, N.J.) ;nd plaéed immediately in beakers immersed
in cpushed ice. In each case, uteri were pooled from 3-4 rats and
fineiy minced with a pair of scissors. The tissue minﬁes were weighed
and 5% homogenates prepared in 0.15 M KC1 of pH 7;4. Hbmogenizatioh was
carried out in a prechiiled Potter-Elvehjem homogenizer (Fisher Scientific
Co., Fairlawn, N.J.), fitted with a teflon plastic pestle turning_at
700 r.p.m. for a period of exactly 90 seconds. The homogenate was then
spuh for 30 ﬁiputes at 100,000 X g at 5°C in a refrigerated I.E.C. model
B-60 centrifuge (International Equipment Co., Needham Heights, Mass.).

The supernatant fluids were carefully decanted in glass vials which were
kept immersed in crushed jce during the duration of each experiment. .
This preparation was always prepared fresh for studying the effects of

various metabolic effectors on uterine pyruvate kinase activity. The
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supernatant fluid was further diluted (1:1) with double glass distilled
water and 0.1 ml aliquot of this diluted preparation was used for assaying

enzymic activity.

¢. DETERMINATION OF PYRUVATE KINASE ACTIVITY

(a) Principle

The activity of pyruvate kinase which catalyzes the conversion of
phosphoenolpyruvate and ADP into pyruvate and ATP was determined using
a modified procedure of Weber et al. (14) by assaying the-diséppearance

of NADH in a system coupled with lactate dehydrogenase as shown below.

Phosphoenolpyr\uvate + ADP JATP

/ i’yruvaté kinase \

NADH + H' Hg+t MLactate + NAD'

Since the determination of pyruvate kinase activity involved a

compound assay, the coupling enzyme (lactate dehydrogenase) was added

to the assay mixture in excess prior to the addition of supernatant fluid..

The change in optical demsity due to the conversion of NADH to NAD was '
recorded at 340 mp in a constant recording Unicam spectrophotometer

model SP 800 (Unicam Instruments, Ltd., Cambridge, England) which was

thermostated to run at 37°C.

(b) Preparation and the Source of Various Reagents

All reagents were of the purest grade available. They were always

prepared fresh in glass distilled water just prior to the enzyme assay.
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NADH (0.216 mM): Diphosphépyﬁdine nucleotide reduced form, disodium
salt (Boe‘hringer). 25 mg of NADH was we_iéhed on a Sartoriué ﬁahnce
(Fisher Scientific Co.), dissol‘fe& in 10 ml of distilled water anci the
pH adjusted to 7.4 by adding approximately 2 drops of 1N NaOH.

LDH (10 mg protein/ml) Lactic dehydrogenase (Sigma). 0.1 ml aliquot
of stock LDH solution:’was diluted to 1.0 ml trifh distilled water.

ADP {0.02 M) Adenosine diphosphate, sodium salt.‘(S‘igma). '10.0 mg. of

ADP was weighed and dissolved in about 5 ml of 'dis‘.cil'le.d water, T.hi.s' ' ,
was then transferred into a 10 ml volumetric flask 'and‘made up té .the ‘
volume. N EE ;,
PEP (0..016' M) Phosphognolpjruvate, tricyclohexylaminé salt (Sigma).
80 mg of PEP was weighed and diésolved in about 5 ml of distilled water |

in a beaker. The solution was then transferred quantitatively into a

10 ml volumetric flask and made up the volume with dlstllled water.

R

¥gSOy and KC1 - Magnesmm sulphate (0 125 M) and Potass;um chlomde
(0.5 M) (both from F}sher Scientific). O. 92 g of potass:.um chlomde
and 0,77 g of Mgsou-7H2O wefe weighed in éepa;'ate beakers and dissolved | :
in a few ml of disfilled water. The two solutions were then miged, t?ans- L
ferred to a volumetric flask and made up thé volume to 25 ml wifh distilled | )
water. o | "

Tris buffer (0.5 M), tris (hydroxymethyl) amino methane (Sigma).
3.0275 g of tris was welghed using a Mettler balance (Flsher Scz.entlflc)
and dlssolved in about 25 ml of dlstllled water., The pH was adjusted
to pH 7.1 by slowly add;ng IN HC1. The solution was then made up to a

final volume of 50 ml in a volumetric flask.
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(e¢) Pyruvate Kinase Assay

The standard reaction mixture (final volume 3.0 ml) contained tﬁe
following components in the given order of addition: tris buffer (pH 7 RIYN
125 umoless MgSOu, 18.75 umoles; KCl, 75 umoles; phosphoenolpyruvate, 16
umoles; ADP, 4 umoles; NADH, 0.65 umole; lactate dehydrogenase, 0.1 mg
protein. The reaction was initiated by addition.of an apprépriéte
dilution of the supernatant fluid and changes in optical density wére
measured against a blank wﬁich contained no phosphoenolpyruvate. Unless
stated otherwise, freshlf prepared supernatant fluids were used in the
case of each eﬁperiment. Preliminary experiments were carried out to
establish linear kinetics with regard to time énd amount of the tissue.
Pyruvate kinase activity was therefore assayed under strictly linear -
kinetic conditions. Changes in optical density were recorded fqr a ?eriod
of at least 5 minutes (the reaction’ was liﬁea:I' up to 10-12 minutes);
the final pH and temperature were checked at the termination of each assay.
In several instances, data ai'e presented from a‘.typicai experim‘ent. '
although they were replicated in other experiments. In other cases, data
were subjected to statistical evaluation (by Student's t test) and sig-
nificant .differen'ces are indicated between the various means caiqu.ated
as p values. No statisticai significance is indicated when the p value
was >0.05. The activity of uterine pyruvate kinase was calcuiated as
micromoles of substrate metabolized per hour per g of tissue at 37°C |

as described by Schwark et al. (82).

LimATATY tMTUOUR . .
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- IV. RESULIS

A. EFFECT OF FRUCTOSE 1,6-DIPHOSPHATE ON UTERINE PYRUVATE KINASE

Since fructose 1,6-diphosphate is known to stimulate pyruvate klnase
in liver and yeast (85,99), the influepce of fructose 1,6-diphosphate
on the activity of this enzyme in the uterus was investigated. ‘The
| changes in énzyme activity following the addition of various amounfs of
fructose 1,6-diphosphate (0.5-37 mM) are recorded in Table I. It can
be seen that the direct addition of increasing concentrations of fructose
1,6-diphosphate to the reaction mixture produced no significant effect
on pyruvate kinase activity of tﬁe uterus. Enz&me éctivity remained
completely unaltered even in the presence'of very high_qoncentration '
(37 mM) of fructose 1,6-diphosphate. The resplts indicate that pyruvéte
kinase in the uterus migﬁt resemble the enzyme in skeletal muscle, kidney,
heart, brain,leucocytés, bovine hypophysis and Lactobacillus fermenti
atvleast with respec; to-its insensitivity to fructosé 1,6;diphos§héte

stimulation.

B. EFFECTS OF L-ALANINE

As I-alanine has been shown to inhibit the activity pf hepatic

pyruvate kinase (93,94) and to exert slight or no effect on cerebro-

cortical, prostafic and vesicular-enzyme-(82,97), the influence of this

amino acld was studied on pyruvate kinase activity of the uterus. Results

presented in Table II show that addition of jncreasing concentrations of

L-alanine (1.25-25.0 mM) directly to the assay system failed to exert.

any significant effect on this uterine enzyme.

'The inability of L-alanine
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TABLE I

EFFECT OF FRUCTOSE 1,6-DIPHOSPHATE ON UTERINE PYRUVATE
KINASE ACTIVITY

Increasing concentrations of fructose 1,6-diphos-

~ phate were added to the reaction mixture just prior to
the addition of the supernatant fluid. Enzyme activity
is expressed as micromoles of substrate metabolized per
g of tissue per hour. Means % S.E.M. represent 4 values
in each group. All values were statistically insignif-
jcantly different from controls. Results are also given
in percentages taking the control values as 100%.

FRUCTOSE 1,6-DIPHOSPHATE ENZYME ACTIVITY PERCENT OF

(mM) (ymoles/g/hr) CONTROL
None (control) 35854122 100
0.5 348864 96
1.0 330u%95 93
2.0 - 3626298 | 102
4.0 ' 3506+239 97
10,0 3269158 88
25;0 o T 3u52+102 g5
37.0 3688+114 104
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TABLE II

EFFECT OF L-ALANINE ON UTERINE PYRUVATE KINASE ACTIVITY

Increasing concentrations of L-alanine were added
_ to the reaction mixture just prior to the addition of

the supernatant fluid. Enzyme activity is expressed as
‘micromoles of substrate metabolized per g of tissue per
hour. Means * S.E.M. represent 4 values in each group.
All values were statistically insignificantly different
from controls. Results are also given in percentages

taking the control values as 100%.

3

poams @SS ATI

None (control) 328u£235 100
1.25 3377+212 102
2.5 32384286 99
5.0 . 3215198 ag
12.5 30074255 92
‘25.6_ - 31154227 93
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to affect pyruvate kinase activity of the uterus appears to be in contrast
to the activation of prostatic and vesicular enzyme (36% and 20%, resp-

ectively) seen in presence of 25 mlf L-alanine.

C. EFFECT OF L-PHENYLALANINE

Previous investigations havg demonstrated that the related amino
acid, L-phenylalanine is a competitive inhibitor of pyruvate kinase in
brain (14,82) and accessory sexual 'tisspes of male réts (97). | The influence
of varying amounts of L-phenylalanine on uterine pjruvate kir_xase_ activity
was studied since this amino acid is known to accumulate in blood and ‘ ;
tissues of phenylketonuric individuals (80). The results in Figure 3

show that addition of L-phemylalanine to the assay system produced a

FiresumvEr reRarerAr . -

dose-dependent inhibition ‘of uterine pyruva‘te'kinase. When assayed in
the presence of 2 mmoles of phosphoenolpyruvate, -a definite inhibition
of enzyme activity could be achievéd with concentrations’ as low as 0.5 mM
whereas maximal iphibition (80-95%) was observed with 15-20 mM L-phenyl-
alanine. The degree of enzyme inhibition decreased slightly as the
concentration of phosphoenolpyruvate was increased in the assay system.
The Lineweaver-Burk plo’t;s obtained for pyruvate kinase activity in the
presence and absence of L-phenylalanine extrapolated to the same point
on the ordinéte suggeéting that L-phenylalanine acts as a competitive
inhibitor of this enzyme in the rat-uterus.. The apparent Ki for L-
phenylalanine calculated from these data was found to be 1.3% X 10’”M
(Fig. u). |
Recently, Vijayvargiya et al. (97) demonstrated that L-alanine

could readily protect the prostatic and vesicular enzyme against the
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Fig. 3. Activity of pyruvate kinase in rat uterus as a function of the

concentration of L-phenylalanine. Enzyme activity was measured in the

presence of two different concentrations of the substrate, phosphoenol-
pyruvate (PEP). Pyruvate kinase activity is expressed as percentage
of the control value taken as 100%.
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300

250 |Km=4.8x10"M
With Phe
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Fig. b. Lineweaver-Burk plot illustrating competitive inhibition.of
Uterine pyruvate by L-phenylalanine (Phe). The final concentration
of L-phenylalanine in the reaction mixture was 5.0 mM. -
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TABLE 11I

PROTECTIVE ACTION OF L-ALANINE AGAINST L-PHENYLALANINE INHIBITION
OF UTERINE PYRUVATE KINASE :

L-Phenylalanine (5.0 mM) and L-alanine (5.0 or 12.5 mM) were
added to the reaction mixture just prior to the addition of the
supernatant fluid. Enzyme activity is expressed as micromoles of
substrate metabolized per g of tissue per hour. Results are also
given in percentages taking the control values as 100%. '

mme jenny
None (contrél) 3516 100
L-Alanine (5.0 mM) 3318 92 -
L-Alanine (12.5 m¥) 3450 | 9y
L-Phenylalanine (5.0 mM) 1110 32
L-Phenylalanine plus 3017 85
L-Alanine (5.0 mM)
L-Phenylalanine plus 3261 o 93

L-Alanine (12.5 mM)
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inhibitory effects of L-phenylalanine. The question whether L-alanine
could also offer protection to uterine pyruvate kinase against the
inhibition produced by L-phenylaianine was therefore investigated. The
results presented in Table III show that addition of L-phenylalanine

(5.0 mM) alone resulted in 68% inhibition of uterine pyruvate kinase.
However, when L-alanine (5.0 mM) was added simultaneously with‘L-bhenyl-‘
alanine, the extent of enzyme inhibition ﬁas reduced to 15%.‘ When the
concentration of L-alanine ﬁas raised to 12.5 mM, pyru?ate kinase inhibition
was almost completely pﬁevented and its activity remained within the |
control range. Data indicate that in analogy to earlier findings for
several other tissues, L-alanine is fully capable of protecting uterine

pyruvate kinase against the irhibitory effects of L—phenylalanine.

D. EFFECTS OF COPPER

Since pyruvate kinase activity in male accessory sex organs (97)
is strongly inhibited by copper, it was of interest to investigate the
influence of this cation on the uterine enzyme. Data presented in Figure
5 show that when pyruvate kinase was estimated in presence of'ls pi;romoles

of phosphoenolpyruvate, a definite jphibition could be observed with

concentrations of copper as low as 0.015 mi. Whereas 50% inhibition

of uterine pyruvate kinase activity was produced by 0.12 mM copper,
almost complete inhibition was noted with 1.0 mM copper. The degree of

enzyme inhibition became somewhat more pronounced when pyruvate kinase

activity was assayéd in presence of a lower concentration of the sub-

strate (1.0 m4). In this circumstance, complete inhibition of uterine

enzyme activity was produced with 0.5 mM copper. Figure 6 shows reciprocal
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PYRUVATE KINASE ACTIVITY

Fig. 5. Activity of pyruvate kinase in the rat uterus as a ?unction of
the concentration of copper. Enzyme activity was measured in the pres-
ence of two different concentrations of the substrate, phosphoenol-
pyruvate (PEP). Pyruvate kinase activity is expressed as percentage of
the control value taken as 100%.
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plots of veloéity again;t subsfrate concentrations (Lineweaver-Burk
plots) in .thé absence and presence of copper (0.05 mM').' Increase in
the concentration of phosphoenolpyfuvate readily protected fhe enzyme
against coppéxt iphibition. The apparent K; for copper ioms calculated
from these data was found to be 1.1 X 107*M. The results demonstrate |
that inhibition of uterine pyruvate kinase activity' by coi:per vis of the
competitive type.

Since L'-alanine was ab;e to offer protection against the inhibition
of uterine pyruvate kinase by L-phenylalanine, the effect of L-alanine
on copi)er-induced inhibition of the enzyme was investigated. Results
presented in Tablé IV demonstrate that addition of 0.05.mM copper to the
reaction mixture inhibited uterine pyruvate kinase activity b'y. uu%, 'i_‘he
simultaneous a_.ddition of L-alaniné (5.0 mM) and copper partially protected
the enzyme against the inhibitory effects of this cation. When the
concentration of L-alanine was raised to 12.5 mM, complete protection

of the uterine pyruvate kinase was achieved against copper inhibition.

£. INFLUENCE OF PENICILLAMINE

Since peniciilamine is known to chelate copper and is used ther-

apeutically in the treatment of Wilson's disease (100), the ability of

this compound to protect uterine enzyme activity against copper-induced

inhibition was investigated. The changes in uterine pyruvate kinase

following the addition of varying amounts of penicillamine to the assay

system are shown in Tahle V. Penicillamine, by jtself, produced activ-

ation of the uterine pyruvate kinase; enzyme activity jncreased by 22%

in presence of 2.0 mM penicillamine and maximal stimulation (48%) wes
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TABLE IV

EFFECT OF L-ALANINE ON THE INHIBITION OF UTERINE PYRUVATE 'KINASE
PRODUCED BY Cutt

Cus0y (0.05 mM) and L-alanine (5.0 mM or 12.5 mM) were added
to the reaction mixture immediately prior to the addition of the
supernatant fluid. Enzyme activity is expressed as micromoles of
substrate metabolized per g of tissue per hour. Data are also
given in percentages taking the control values as 100%.

sDUITIONS B Ay, comon

None (control) 3238 ‘ .100

cu™t (0.05 m¥) 2150 | 66

L-Alanine (5.0 m) 3256 | 101

L-Alanine (12.5 nM) | 3007 92

cu'™ plus : 2769 85

L-Alanine (5.0 mM)

ca't plus ' 2920 | 90 3:%1
L-Alanine (12.5 mM) - =
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TABLE V

EFFECT OF VARYING CONCENTRATIONS OF PENICILLAMINE ON THE
ACTIVITY OF UTERINE PYRUVATE KINASE

Penicillamine was added to the reaction mixture just
prior to the addition of the supernatant fluid. Means %
S.E.M. represent 4 values in each group. Enzyme activity

.is expressed as micromoles of substrate metabolized per g
of tissue per hour. Data are also given in percentages
taking the control values as 100%.

PENICILLAMINE ENZYME ACTIVITY PERCENT OF
(mM) (umoles/g/hr) - CONTROL
None (control) 3562134 100
0.5 3556211 99
1.0 40254287 112
1.5 4103+301 115
2.0 _ ' 43554130 122%
4.0 5278+178 ) ' 1u8*

#Gtatistically significant difference when compared to the
control values (p = <0.05).
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seen following the addition of 4.0 mM concentratipn of this compound.
Results presented in Table VI show the protective action of pen~
icillamine against the copper-induced inhibition of uterine pyruvate kinase.
When equimolar concentrations of copper and penicillamine (0.05 mM)
were present in the assay mixture, no protection of pyruvate kinase could
be seen against copper inhibition. However, an increase in the cone-
entration of peniéillamine (2.0 mM) resulted in complete protection_
against the inhibitory effects of copper 611 pyfﬁvate kinase activity of

this tissue.

F. EFFECTS OF CALCIUM

Schwark et al. (97) demonstrated that the activity of cerebro-.
cortical pyruvate kinase was inhibited by calcium whereas the addition
of EDTA resulted in an activation of the bra:.n enzyme. Takagaki (101)
also showed that calcium markedly inhibited pyruvate kz.nase act:.v:.ty
of the guinea pig cerebrum. Results presented in Figure 7 demonstrate
changes in uterine pyruvate kinase activity following the addition of

varying concentrations of calcium. In analogy to the brain enzyme,

addition of calcium to the assay system produced a marked inhibition of

pyruvate kinase activity in uteris. A definite inhibition could be seen

with 0.1 mM calcium and increasing its concentration to 2.0 mM resulted

in 75% inhibition of the uterine enzyme. Reciprocal plots of velocity

against substrate concentration (Lineweaver-Burk plots) indicated that

calcium produced a non-competitive inhibition of uterine pyruvate kinase

with an apparent K; of 7.3 X 107% (Fig. 8).

The protective action of EDTA against the inhibition of pyruvate

kinase activity by calcium was also studied and the results are shown
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TABLE VI

PROTECTIVE ACTION OF PENICILLAMINE AGAINST cutt INHIBITION
OF PYRUVATE KINASE

CuSOy (0.05 mM) and varying concentrations of penic~
31lamine were added to the reaction mixture just prior to
the addition of the uterine supernatant fluid. Enzyme activ-
ity is expressed in terms of micromoles of substrate metab-
olized per hour per g weight of the tissue. Data are also
given in percentages taking the control values as 100%.

ENZYME ACTIVITY PERCENT OF
ADDITIONS . (pmoles/g/hr) CONTROL
None (control) 3562 100
cu’™ (0.05 mM) 2592 73
cu't plus 2681 75
Penicillamine (0.05 mM)
co™ plus 2813 78
Penicillamine (1.0 mM)
cutt plus 4209 118

Penicillamine (2.0 mM)
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in Table VII. Addition of a low concentration of EDTA (0.5 mM) to

the assay medium failed to exert any measurable effect on enzyme activity.
However, increasing the concentration. of this chelating agent to 2.0 mM
produced 21% iﬁhibition of uterine pyruvate kinase. Table VII also

shows that addition of éaicium (1.0 mM).al‘one resulted in a 37% inhibition
of the uterine enzyme. It is of interest ‘that when EDTA (0.5 mM) was.
added simﬁltaneously with calcium, the inhibition was reduced to 11%.
Addition of a higher concentration of EDTA (2.0 mM) further reduc;ed the

iphibition of uterine pyruvate kinase seen with the calcium ion.

TS
S

G. EFFECT OF Mgﬁ ON THE INHIBITION PRODUCED BY EDTA .

The assay of pyruvate kinase requires magnesium as a co-factor ?1
(102,103). Since magnesium is known to be chelated by EDTA (104), the : i‘»
possibility whether high concentrations of EDTA might have irhibited }

uterine pyruvate kinase by chelating magnesium jons was investigated.
Reéults presented in Table VIII show that additiqn of BDTA alone resulted
in 34% inhibition of pyruvate kinase which was reduced to 13% upon sim- '
ultaneous addition of 5.0 mM magnesium. A further reduction in inhibitory

effects of EDTA on uterine enzyme activity was observed when ‘the conc-

entration of magnesium was raised to 10 mM. Results .indicate that indeed,

increase in the amount of magnesium present in the assay mixture can

completely overcome the inhibition produced by EDITA.

H. EFFECTS OF CYCLIC AMP

Since administration of cyclic AMP to ovariectomized and immature rats

produced significant stimulation of uterine pyruvate kinase and other
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TABLE VII

PROTECTIVE ACTION OF EDTA ON THE INHIBITION OF UTERINE
PYRUVATE KINASE BY CALCIUM

4 CaCl, (1.0 mM) and EDTA (0.5 mM or 2.0 mM) were

added to the reaction mixture just prior to the addition
of the supernatant fluid. Enzyme activity is expressed
as micromoles of substrate metabolized per g of tissue ‘
per hour. Data are also given in percentages taking the
control values as 100%.

DDITIONS mIRE AT Moo
None (éontrol)‘ 3516 100
catt (Lom) 2217 63
EDTA (0.5 mM) . 3446 . 98
catt plus 3146 | 89
EDTA (0.5 mM)

EDTA (2.0 mM) - 2775 79
catt plus - 3261 92

EDTA (2.0 mM)
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TABLE VIII

EFFECT OF Mg++ ON EDTA-INDUCED INHIBITION OF UTERINE
-~ PYRUVATE KINASE ACTIVITY

Disodium EDTA (5.0 mM) and MgSOy (5.0 or 10.0 uM)
were added to the assay medium just prior to the add-
ition of the supernatant fluid. Enzyme activity -is
expressed as micromoles of substrate metabolized per g
of tissue per hour. Data are also given in percentages
taking the control values as 100%.

PYRUVATE KINASE ACTIVITY PERCENT OF

ADDITIONS (umoles/g/hr) ‘ CONTROL
None (control) 3516 100
EDTA (5.0 mM) | 2313 66
EDTA (5.0 mM) + : 3053 87

Magnesium (5.0 mM)

EDTA (5.0 mM) + 3308 aL
Magnesium (10.0 m)
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key glycolytic enzymes, the influence of direct addition of this nucleo-

tide to the reaction mixture was investigated on pyruvate kinase activity
of the uterus. Varying concentrations of cyclic AMP (0.5-10.0 mM) were

added to the reaction mixture just prior to the addition of uterine super-

natant fluid and the results are shewn in Table IX. In contrast to the

in vivo effects of cyclic AMP, this nucleotide when added in vitro, failed

to exert any appreciable effect on the uterine enzyme. The presence of

even very high concentrations of Acyclic AMP (10.0 mM) did not produce

any measurable stimulation of uterine pyruvate kinase activity.

I. INFLUENCE OF p-CHLOROMERCURIBENZOATE AND PENICILLAMINB

Both the L- and the M-type isozymes of pyruvate kinase are known
ibenzoate (95).

to be inhibited by the sulphydryl inhibitor, p-chloromercurib
Recently, Schwark et al. (82) also demonstrated the inhibitory effects
In order to

of p-chloromercuribenzoate on the cerebrocortical enzyme.

study the possible jnvolvement of sulphydryl groups in the control of

uterine pyruvate kinase, the effect of p-chloromercuribenzoate was
investigated. The results in Figure 9 show that addition of p-chloro-

mercuribenzoate to the reaction mixture resulted in a marked inhibition

of uterine pyruvate kinase activity. The cbserved effect was dose-

complete jphibition of the enzyme was produced

dependent and a nearly
when p-chloromercur:_benzoate was present in a concentration of 0.01 mM.

otent sulphydryl donor, the ability

Since penicillamine is known to be a P

of this compound to prevent the observed inhibition of pyruvate kinase §
e
activity by p—chloromercumbenzoate was also exammed. Data presented g_”:?
g

curibenzoate (0.002 m) ]%

in Table X show that addition of p-chloromer
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TABLE IX

EFFECTS OF VARYING CONCENTRATIONS OF CYCLIC AMP ON THE ACTIVITY

OF UTERINE PYRUVATE KINASE

_ Varying amounts of cyclic AMP were added to the reaction
mixture just prior to the addition of the supernatant fluid.
Enzyme activity is expressed as micromoles of substrate metab-
olized per g of tissue per hour. Means * S.E.M. represent L
values in each group. All values were statistically insignif-
jcantly different from controls. Data are also given in per- .
centages taking the control values as 100%.

CYCLIC AMP ENZYME ACTIVITY PERCENT OF

(mM) (ymoles/g/hr) CONTROL
None (control) 28145+223 ‘ 100
0.5 2868+269 . 101
1.0 2845242 100
5.0 _ 2845261 100
10.0 | 2868+210 - ' 101
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ENZYME ACTIVITY
(PER CENT OF CONTROL)
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1 . |
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0 0.001
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p-CHLOROMERCURIBENZOATE

percentage of the control value taken as 100%.

Fig. 9. Influence of varying concentrations of p-chloromercuribenzoate
on uterine pyruvate kinase activity. Enzyme activity is expressed as
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TABLE X

PROTECTIVE ACTION OF PENICILLAMINE AGAINST PYRUVATE KINASE
INHIBITION BY p-CMB

p-CMB (0.002 mM) and penicillamine (2.0 mM) were added
to the reaction mixture just prior to the addition of the
supernatant fluid. Enzyme activity is expressed as micro-
moles of substrate metabolized per g of tissue per hour.
Data are also given in percentages taking the control values
as 100%. '

ENZYME ACTIVITY PERCENT OF
ADDITIONS (ymoles/g/hr) CONTROL
None (control) 3238 100
p-CHMB (0.002 ml) 2059 63
Penicillamine (2.0 mM) 4136 121
p-CMB (0.002 mM) + 3493 o 107

Penicillamine (2.0 mM)
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inhibited enzyme activity by 37%. However, when penicillamine (2.0 nM)
was added simultaneously with p-chloromercuribenzoate, imhibition of
the enzyme was completely prevented and the values .were restored to the ;
control range.’ These results indicate that p-éhloromercuribenzoate
inhibits uterine pyruvate kinase activity by inactivating the sulphydryl
groups and that penicillamine may protect against ;this inhibition by

providing free sulphydryl groups to the enzyme.
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V. DISCUSSION

Pyruvate kinase catalyzes a terminal reaction in the glycolytic
sequence and has been shown to play an important role in the regulatioﬁ
of ovefall glycolysis and gluconeogenesis (5,95). This enzyme has been
shown to exist as isoenzymes in a variety of animal tissues. Koler gﬁ al.
(105) were the first to report molecular differences between pyruvate
kinése extracted from human red blood cells of pyruvate kinase-deficient
and normal pafiénts. Their studies demonstrated that the two enzymes
differed in their chemochromatogréphié, electrophoretic and kinetic
properties and suggested that a distinct genetic locus might control the

synthesis of each isoenzyme. Tanaka et al. (95) subsequently investigated

the tissue distribution, physiological function and properties of pyruvate

kinase isoenzymes from various rat tissues. The two major isoenzymes
reported, type-L or liver py'ruvéte kinase and type-M or muscle pyruvate

kinase differed in their electrophoretic, smmunochemical and kinetic

properties. Type-M or mscle pyruvate kinase displayed normal Michaelis-.

Menton kinetics with phosphoenolpyruvate whereas type-L or liver pyruvate

kinase exhibited éigmoid kinetics with this substrate. Results of the

present study show th

sigmoidal kinetics but conforms to the normal Michaelis-Menton kinetics

like the type-M or skeletal muscle enzyme.

A. EFFECTS OF FRUCTOSE 1,6-DIPHOSPHATE AND L-ALANINE

The glycolytic intermediate, fructose 1,6-diphosphate has been

shown to activate the type-L enzyme (106) as well as pyruvate kinase in

at pyruvate kinase of the rat uterus does not display

TR ORI TR
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yeast (99) and adipose tissue (96), In addition, Bailey et al. .(88)
reported that fructose 1,6-diphosphate could change the sigmoidal rel-
ationship between substrate cbncentration and the velocity for L-type

enzyme into a mormal hﬁerbolic function. These authors also speculated
that fructose l,G-diphosphate might exert an importanAt' reéﬂatcﬁ:»y influence
of pyruvate kinase in vivo since the hepatic levels of this substrate

are known to _fluctuate with the nutritional state of the animal. The
presently observedvinability of fructose 1,6-diphosphate to stimulate
pyruvate kinase from uterine supernatants indicates that the uterine

enzyme is not éubject to the feed-forward control by fructose l,6—§iphos—

phate. Vijayvargiya et al. (97) reported complete failure of fructose

1,6-diphosphate to activate the prostatic and vesicular pyruvate kinase

T T R U T U L I C T LR LT TSI BCR ¥ T2 3 .
R AR RS 4 LAt S N T WAL RS AT L TR JEK S Y SRR | b
= s L Tl St

11U

even after preincubation for 60 minutes. It would seem that pyruvate

kinase activity of smooth muscles such as the accessory sex orgamns of
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male and female rats is inmsemsitive to stimulation by fructose 1,6-

diphosphate which is also the case for the M-type iscenzyme (106).

Vijayvargiya et al. (97) demonstrated that addition of L-alapine

produced slight activation of pyruvate kinase activity of the prostate

gland and seminal vesicles of normal, mature rats. A definite activating

DR AR F AR L

effect of L-alanine was observed at 5 mM concentration whereas maximal

activation of 36% in the prostate and 20% in seminal vesicles was produced

by 25 mM L-alanine. Schwark et al. .(82) demonstrated that the presence

of L-alanine in the reaction mixture exerted little or no effect on

pyruvate kinase activity of the pat cerebral cortex. Our results show

s 25 mM failed to produce any
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that concentrations of L-alanine as high &

significant change in the activity of the uterine enzyme. Weber et al.
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(94) demonstrated that L-alanine acts as a competitive inhibitor of the
L-type pyruvate kinase in hepatic tissue. The physiological significance
of L-alanine iphibition of L-type hepatic pyruvate kinase becomes evident
when one realizes fhat this amino acid not only accumulates under |
gluconeogenic conditions, but is an important precursor in glucose
synthesis from non-carbohydrate sources (107). Since uterus possesses
little or no capacity for active gluconeogenesis énd is .considered chiefly
to be a glycolytic 6rgan, such inhibition of pyruvate kinase by L~
alanine would probably be of little conseguence to the control of overall

glycolysis in this tissue.

B, INHIBITION BY L-PHENYLALANINE: PROTECTION BY L-ALANINE

The present study also demonstrates that in contrast to L-alanire,
addition of L-phenylalanine produced a competitive inhibiticn of uterine

pyruvate kinase. During phenylketonuria, there is large acc_umulation of

L-phenylalanine (and phenylpyruvate) due to a decrease in the activity

of hepatic phenylalanine hydroxylase (108). Studies on the action of

L-phenylalanine on pyruvate kinase from rat and adult human brain revealed

that L-phenylalanine competitively iphibited the enzyme; the inhibition

being reversible upon increasing the con

(80). In comtrast, the hepatic enzyme proved jnsensitive to the action

of L-phenylalanine (80). It is of ijnterest that the concentration of

L-phenylalanine which inhibited brain pyruvate kinase were comparable

to those found in the plasma of phenylketonuric patients (80). Schwark

et al. (82) ‘confirmed these observations and demonstrated that this amino

acid produced a dose-dependent inhibition of pyruvate kinase activity in
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rat cerebral cortex. Weber (80) suggested that accumulation of L-
phenylalanine in phenylketonuric individuals may curtail brain glycolysis
and thus interfere with vital cellular processes such as lipid biosynthesis.
Indeed, 0'Brien and Ibbot (109) reported marked alterations of lipid
metabolism in the brainsvof phenylketonuric patients. Interference with
glycolysis could also decrease production of ATP and other nucleotide‘
triphosphates which play iméortant roles in the biosynthesis of proteins
and nucleic acids (80’. In addition, Weber (80) suggested that extremely
low levels of pyruvate kinase present in the neonatal brain may increase
the vulnerability of this tissue at birth to the inhibitory effects of
L-phenylalanine. Recently, Vijayvargiya et al. (97) showed ‘that L-
phénylalanine was also a competitive inhibitor of prostatic and vesicular
fyru#ate kinase and that L-alanine was capablg of protectiﬁg the enzyme
against the inhibitory effects of L-phenylalanine. Results of the present
study'show that the inhibition of uterine pyruvate kinase by L-phenyl-
alanine could alsc be prevented by L-alanine. It is of interest.that
L-alanine was also shown to completely protect pyruvate kinase activity
against thermal inactivation in liver and prostate although it provided
only partial protection against heat‘inactivation of the brain enzyme.
Whereaé the precise mechanism by which L-alanine modulated pyruvate
kinase in the cerebral cortex and the male éccgssory sex organé is unknown,

it has been suggested that an allosteric regulatory mechanism might be.

involved (97).‘

C. INHIBITION OF UTERINE PYRUVATE KINASE BY COPPER: PROTECTION BY L-ALANINE

Results presented in this study demonstrate that copper is a
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competitive’ inhibitor of uterine pyruvate kinase and that this inhibition
also can be prevented by L-alam.ne. A s:.mlar inhibition by copper
and its prevention by 1-alanine has been reported previously for the
cerebreortical enzyme (82). It is possible that L-alanine may cause
some conformational change in the enzyme protein rendering the site of
attack by copper less accéssible (85) It was Passeron et al. (85) who
first demonstrated that L-type pyruvate kmase was strongly :.nh:.bited

| by copper whereas the M—type enzyme was only slightly affected. Further—
more, the inhibition by copper was reverted by fructose 1,6-diphosphate

and chelating agents such as EGTA, EDTA and 8-hydroxyquinoline. It

may be noted that the concentration of copper required to produce

T L W o O SRV PR P LTV S OTPR S ) NI s .- N e Al

complete :x.nhibitlon of the uterine pyruvate kinase is approx_mately 20

times greater than .that reported by Passeron et al. (85) for the L—type

SRO AL AR A

enzyme. The physiological significance of the observed negative modul-
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ation of uterine pyruvate kinase by copper remains obscure at present

since the concentration of this cation in uterine cells is unknown.

)

Several neurological disorders are known to be associated with

NS fed

accumulations of abnormal quantities of metabolites in body fluids and

tissues of the affected individual. However, 1ittle is known about the
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cellular events that.are disrupted by toxic jevels of the metabolite.

N

It has been suggested that the inhibition of brain pyruvate kinase by

copper might have some relevance +o Wilson's disease which is character-

ized by accumulation of large quant:.tles of copper in liver as well

FEAeR

as the central nervous system (81). Data on the concentration of copper

in normal and pathological tissues are needed before any d.u'ect correlat:.on

can be made between the observed inhibition of pyruvate kinase by
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copper, in brain, prostate, liver énd uterus and the clinical condition.
Incidentally, the amount of total copper in the livér of several adult

mammals has been sﬁown to vary between 0.06 and 0.12 pmoleé/g'wet weight
of the tissue (86,87). These figures appear +o be well above the range
which produce maximum inhibition of the L-type pyruvate kinase in vitro

(85).

D. EFFECTS OF CYCLIC AMP, CALCIUM AND EDTA

‘The' influence of various concentrations of cyclic AMP, 2 presumed
mediator in the mechanism of action of biogenic amines and numerous

hormones and cell regulating substances was also examined on the activity

of uterine pyruvate kinase. Monsoor (12) demonstrated that phospho- -

fructokinése activity was allosterically activated By cyclic AMP in

1iver fluke and sheep heart. Moreover, Milmen and Yurowitzki (110) found

that cyclié AMP produced activation of pyruvate kinase from fish embryo.

Our results show that cyclic AMP, when added in vitro, failed to exert

any appreciable effect on pyruvate kinase activity of the rat uterus.

The presence of even very high concentrations of cyelic AMP did not

produce any measurable activation or inhibition of the uterine enzyme.

These results are in contrast to the ability of in vivo cyclic AMP to

produce marked stimulation of pyruvate kinase activity in uteri of both

ovapiectomized and immature rats (72).

Takagaki (101) demonstrated that caleium produced marked inhibition

of pyruvate kinase from the guinea pig cerebrum. Later, Schwark et al.

(82) reported that calcium inhibited rat cerebrocortical pyruvate kinase

and that the inhibition was of the non-competitive type. Our results
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on calcium.linhibition of the uter;lmla‘ enzyme énd ifs prevention by EDTA
are similar to those repéftéd for the cerebral cortex (82). Mildvan

and Cohn (lll) have shown that the inhibition of pyruvate kinase by
calc:.um may involve a competlt:.on w:.th magnesium, one of the co—factors
of this enzyme. The observed prevent:.on of the calcium-induced mha.b:.tlon
of uterine pyruvate kinase by EDTA may well involve removal of calcium

from the assay éystem by chelation (82).

E. ROLE OF SULPHYDRYL GROUPS: EFFECTS OF p—CHLOROMERCURIBENZOATE AND
PENICILLAMINE

The activity of several enzymes is kpown'to be dependént upon the
maintenance of unaltered sulphydryl residues within the enzyme structure
(97). Heavy metals such as copper, arsenic and mercury can inactivate
the sulphydryl enzymés and in many cases, the inhibition can be prevented
by thiol compounds like cysteine, glutathione and Cleland's reagent (97,
111). Both cysteine and glutathione have been shown to reverse p—chléro—

mercuribenzoate inhibition of hexokinase in brain and of lactate dehyd—

rogenase in cardiac tissue (112,113). Our results on the inhibition of

p-chloromercuribenzoate are in line with the suggestion that sulphydryl

groups are impor’canf +o the maintenance of pyruvate kinase activity in

the rat uterus. The inhibition of the uterine enzyme by p-chloromercuri-

benzoate was pr;evented by penicillamine which is known to act both as'

a donor of sulphydryl gfoups and a chelator of heavy metals. Although

the mechanism by which peniciilamine prevents p—chloromercwibenzoate

inhibition of uterine pyruvate kinase is presently unknown, two possibil-

ities may be considered. Since penicillamine is 2 sulphydryl donor,
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it may reverse the p-chloromercuribenzoate inhibition of uterine pyruvate
kinase by simply making more sulphydryl groups available to the enzyme.
Secondly, penicillamine can .chelate heavy metals and may thus prevent

the the observed p-chloromerduribenzoate inhibition by removing Hg'H

jons bound to sulphydryl groufs on the enzyme molecule (82). Further
work is clearly necessary to determine which, if any, of these mechanisms
is involved in the observed effects of penicillamine on uterine pyruvate
kinase. It is of interest that a similar protection of p~-chloromercuri-
benzoate inhibi:tion by penicillamine has been reported previously by
other investigators (82,97) for pyruvate kinase activity in the cerebral

cortex and the male accessory sex organs of the rat.
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VI. SUMMARY AND CONCLUSIONS

Evidence indicetes that the living orgaﬁisms maintain dynamic homeo-
stasis among various metabollc steps through the 1nfluence of hormones '
and certain spec1f1c metabolites which act as modlflers of enzyme actlon.'f
Regulatory mechanisms operating at the level of enzyme biosynthesis and
enzyme activity are believed to co-exist and co-operate in the control
of an enzyme eystem, Pyruvate kinase is onme of the importaht key? rate-
limiting enzymes invoived in the process of glucose utilization via the
Embden-Meyerhof pathway of glycolysis in a varlety of mammallan tissues.

ThlS enzyme is also of interest to clinicians since a genetlcally deter-

mined deficiency of erythrocyte pyruvate kinase has been shown to result

in a severe haemolytic anemia accompanied by premature destruction of
erythrocytes and reticulocytes.. Considerable work has been carried
out on the regulation of pyruvate kinase activity by several metabolites

and hormones in liver, kidney, prostate gland.and seminal vesicles,etc.

Recently, the ablllty of estrogenic substances and of eyclic 3', 5'-adenosine

monophosphate to stimulate pyruvate kinase act1v1ty 1n vivo was demon—

strated in uteri of estpogen—deprived animals. However, llttle or no

attention has been paid to investigating the influence of various

netabolites which act as modulators of uterine pyruvate kinase activity

under conditions of acute adaptation. The purpose of the present study

was to examine the in vitro modulation of pyruvate. kinase by certain

cations and specific metabolites in the uterus of the normal, mature

rat.
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When uterine pyruvate kinase activity was aséayed under optimal
conditions of substrate and co-factor requirements, the acfivity corres-
ponded to 3585122 micromoles of sui)strate meta.bélized per g wet weight
of the tissué per hour at 37°¢C. Addition of various concentrations c>‘f
fructose 1,6-diphosphate directly to the assay medium failed to produce

any significant stimulation of uterine pyruvate kinase. This was in

contrast to the known stimulatory action of this glycolytic intermediate '

on the liver and yeast enzyme. Slmlarly, L-alanine which 1nh1b1ts
hepatic pyruvate kinase, fa:.led to produce any s:.gm.flcant effect on the
uterine enzyme. In contrast, the related amino acid, L—phenylalanme,
produced a dose-dependent inhibifion of uterine pyruvate kinasej the
inhibition being less pfonounced .when the concentration of phosphoenol_—
pyruvate was increased in the assay systém. The inhibition was of the
competitive type and when L-alanine was added simultaneéusly with L-
phenylalanine, the observed inhibition of pyruvate kinase was completely
prevented. Pyruvate kinase activity in the uterus was a_lso inhibited
by copper in concentrations as low as 0.015 mM although 50% inhibition
of the enzyme was produced by 0.012 mM copper. Copper also produced a
competitive type 1nh1b1t10n of the uterine enzyme with apparent K; being

1. lxlo"uM Addrt:.on of L-alanine simultaneously with copper offered

complete protection ;gainst the inhibition of uterine pyruvate kinase by

this cationm.

Penicillamine, ‘a known chelator of copper, by jtself, produced a

slight act:.vat:.on of uterine pyruvate kinase.

of copper and penicillamine were added to the reaction mxture, no
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protectlon of pyruvate kinase could be demonstrated agalnst copper inhib-
ition. However, an increase in the. concentration of penlclllamlne to 2 mM
resulted in almost complete protection against the inhibitory effects of
copper. Similar to the action on brain enzyme, addition of caloium
produced.a marked inhibition of uterine pyruvate kinase. The.degree of
inhibition was related to the amountlof caloium present in the assay
system. LineweaVer-Burk plote‘indicated that calcium produced a non-
competitive inhibitiom of the uterine enzyme with an apparent X; eround
7.3%10° M. The observed inhibition produced by calcium was prevented by
ethylenedlamlne tetraacetate (EDTA). The sllgnt 1nh1b1tory effect seen

in the presence of high concentrations of EDTA (2 mM) could be overcome

by increasing the concentration of magnesium.

Whereas cyclic.3',5'-adenosine monophosphate failed to exert any
appreciable effect on the uterine enzyme, addition of the sulphydryl

inhibitor, p-chloromercur*benzoate produced a dose-dependent inhibition

of uterine pyruvate kinase activity. The inhibition was almost complete

when p-chloromercuribenzoate was present in a concentration of 0.01 mM.

When penicillamine was added simultaneously with p-chloromercuribenzoate,

" the inhibition of pyruvate kinase was prevented indicating that whereas

p—chloromercurlbenzoate inhibited the uterlne enzyme by inactivating

sulphydryl groups pen1c1llam1ne protected against this 1nh1b1t10n by

providing free sulphydryl groups to the enzyme. The results presented

in this dissertation suggest that pyruvate kinase act1v1ty in the:.uterus

may be subject to several types of positive and negative modulating infl-

uences exerted by cations and spec1f1c metab

istics of uterine pyruvate kinase seem to resemble those of the H-type

olites. "The kinetic character-
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d to be also present

leve

zyme bel

kidney, leucocytes, spleen, fat pads and testes.
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