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ABSTRACT

Certain aspects of thc¢ control of carbohydrate metabolism have

been studied primerily in S. lactis C The kinetic and regulatory

properties of two enzymcs, lactate deggdrogenase and pyruvate kinase were
invcstigated in some detail whereas a third enzyme, 6-phosphogluconate
dehydrogenase, was subjccted to a preliminary investigation only. A
bricf investigation was madc of the in vivo concentrations of somc
metabolites in exponentially growing cells in batch culturc.

The S. lactis lactatc dchydrogenase (LDH) was purified about 100
f'old. The mobility pattern of the purified enzyme on polyacrylamide
disc gel electrophoresis was a complex function of pH and ionic strength.
From sodium dodecylsulphate-gcl electrophoresis the LDH appeared to have
a subunit molecular weight of 37,000. A tentative model indicating a pH
dependent association/dissociation has been suggested on the basis of the
gel results and heat stability studies. At acid and neutral pH values
a tetrameric species is favoured. At alkaline pH values (pH 8.0) a
dimeric species is favoured. The tetrameric protein is more stable to
heat than the dimeric species. The purified LDH requires fructose-1,6-
diphosphate (FDP) for catalytic activity at acid and neutral pHs. For
pyruvate reduction, in the presence of FDP the pH optimum was 6.9 whereas
in the absence of FDP only very low activity was found and the pH optimum
was 8.0 to 8.2. The pH optimum for lactate oxidation in the presence or
absence of FDP was 8.0 to 2.2 and the activation by FDP was very much less
than the FDP activation of pyruvate reduction. The kinetics of lactate
oxidation suggested that only the pyruvate reduction direction was
significant in vivo.

A significant finding was the effect of different buffers on the
FDP activation of LDH. The concentration of FDP required for 504 maximal
activity was 0.002 mM when determined in triethanolamine/HCl buffer,

0.2 mM in tris/maleate buffer and 4.4 mM in phosphate buffer; a 2,000
fold difference depending on the choice of the assay buffer. At the pH
optimum (pH 6.9) there appearcd to be at least two FDP binding sites which
interact with each other in a co-operative manner. The choice of buffer
was shown to affect other properties of LDH, such as the pH effect on

FDP binding, the heat stability of the enzyme at 5500, the binding of
NADH and pyruvate and the effect of the inhibitor, oxamate. Stopped-
flow analysis of the LDH showed that a lag period was present at pH 6.9.
This lag period could be eliminated by pre-incubation with FDP. No
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such lag period was demonstrated at pH 8.2. It is suggested that this
lag period is due to a conformational change in the tetrameric species
induced by FDP. The properties of the S. lactis LDH, taking into account
the buffer effects, have bcen discussed in terms of the carbohydrate
metabolism and related to other FDP-activated streptococcal LDH's. A
brief comparative study of the S. faecalis ATCC 8043 LDH was made. The
two major findings were its insensitivity to phosphate inhibition and
its activation by manganese ions.

Pyruvate kinase was purified to near homogeneity as determined by
polyacrylamide gel electrophoresis, with and without SDS. With SDS, a
subunit molecular weight of 60,750 was determined. From equilibrium
sedimentation studies the molecular weight of the native protein is
235,000. The enzyme is therefore a tetrameric protein. The kinetic
properties of the pyruvate kinase were more complex than those of LDH,
for as well as requiring FDP as an activator, the enzyme had an essential
requirement for both a monovalent and divalent cation. FDP under most

conditions bound to the enzyme in a co-operative manner. Phosphoenol-

pyruvate (PEP), and to a lesser extent, ADP, showed co-operative binding
to the enzyme only at unsaturating FDP concentrations. Both the monova=-
lent and divalent cations showed co-operative binding to the enzyme in
the presence of saturating FDP concentrations. The activation properties
of the enzyme were considerably different when Mn*t was substituted for
Mg++ as the divalent cation. Like LDH, the pyruvate kinase was also
affected by the nature of the buffer components. Pyruvate kinase was
inhibited by lower concentrations of phosphate than were required to
inhibit LDH. In addition the pyruvate kinase activity was inhibited by
high concentrations of Mg++ and ADP. The properties of the S. lactis
pyruvate kinase have been discussed in relation to other pyruvate kinases
and to carbohydrate metabolism in S. lactis.

The S. lactis 6-phosphogluconate dehydrogenase (6-PGDH) did not
appear to be inhibited by FDP, nor did the enzyme from S. faecalis ATCC 8043.
This is contrary to published findings by other workers. Because of the
preliminary nature of this investigation, further work is required on the
S. lactis 6-PGDH to establish whether or not its activity is regulated
by FDP.

The in vivo concentration of several metabolites were determined
in exponentially growing cells and related to the in vitro kinetic

properties of the two enzymcs, LDH and pyruvate kinase. The metabolites
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studicd were; FDP, PEP, triose phosphates, ADP, ATP, glucose-6-phosphate

and pyruvate. The in vivo FDP concentration was at a sufficiently high

level (12.7 to 14.9 mM) to fully activate the two enzymes as indicated

by in vitrec determinations under & number of different assay conditions.

The in vivo studies have suggested further in vitro kinetic studies which
may be useful to investigate to gain a fuller understanding of the

regulation of carbohydrate metabolism in S. lactis.
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SECTION 1

GENERAL INTRODUCTION




il.odl General Characteristics of the Lactic Acid Bacteria.

The lactic acid bacteria are biochemically charactcrized by their
main fermentation end product, lactic acid. They can be classified into
two broad groups, i.e. cither homofermentative or heterofermentative.

The homofermentative or homolactic group is characterized by the forma-
tion of lactic acid as the only major product from glucose fermentation.

The genera Streptococcus, Diplococcus, Pediococcus, and most members of

the genus Lactobacillus belong to this group. The heterofermentative

group, as well as having lactic acid as a fermentative end product,
produce considerable amounts of C02, ethanol or acetic acid. Other
fermentation end products may be formed and include glycerol, propionic
acid and butyric acid. This group includes all members of the genus
Leuconostoc and Peptostreptococcus and some members of the genus
Lactobacillus. For reviews see Wood (1961 ) and Doelle (1969).

It is within the genus Streptococcus, that the important cheese

starter organisms are found. This group, the lactic streptococci,

consists of Streptococcus lactis, Streptococcus cremoris and variants.

important in the manufacture of cheese is their ability for consistent
and rapid production of lactic acid. They also have the ability to

impart desirable flavour and texture to cheese.

1.2 The Main Pathways of Carbohydrate Catabolism in Lactic Acid Bacteria

a) Homoferumentative organisms

The homofermentative crganisms use the well known Embden-iieyerhof-
Parnas (EMP) pathway to convert glucose into two molecules of pyruvate.
The pyruvate is subsequently reduced by the enzyme lactate dehydrogenase
(LDH) to form lactic acid. Hence the production of two molecules of
lactate per molecule of glucose, by homofermentative organisms, is the
same as that found in muscle glycolysis. In the majority of cases the
streptococcal species form the L(+)-isomer of lactate. However other
homofermentative species may form the D(-)-isomer or a combination of
D(~)- and L(+)-lactate (Wood, 1961). The lactate dehydrogenase reaction,
catalyzing lactate formation, is an important step as it is the means of
replenishing NAD*. A ready supply of NAD" is important for the
continual functioning of the EMP pathway.
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Gibbs et al. (1950) confirmed that Lactobacillus casei, a homo-

fermentative bacterium, fermented glucose to lactic acid by the EMP
glycolytic pathway. These workers used isotopic studies with
specifiically labelled glucose—14C. The fermentation of glucose -1-140,
under both anaerabic and aerobic conditions by L. casei lead to the
label appearing almost exclusively in the methyl carbon of lactate.
There was a 50% dilution of thc specific activity in the methyl carbon
compared with that of glucose-carbon 1. When glucose -3,4—140 was
fermented, carboxyl-labelled lactatc was formed without dilution of the
specific activity. The distribution of the label in the final product
is thus consistent with thc¢ functioning of the EMP glycolytic pathway.

b) Heterofermentative organisms.

De Moss et al. (1951) found that the heterofermentative bacterium,

Leuconostoc mesenteroides produced C02, ethanol and lactic z2cid in a
constant ratio of 1:1:1 and that the EMP enzynes, aldolase and triose phos-
phate isomerase werc absent. These findings are not consistent with the
operation of the glycolytic pathway. Gunsalus and Gibbs (1952) showcd

Lhiat Leuconostoc mesenteroides gave product labelling that was also not

consistent with the operation of the EMP glycolytic pathway. The
14

fermentation of glucose-1- "C by L. nesenteroides resulted in all of the

isotope being found in CO2 whereas in the homofermentative organism,

Lactobacillusm, about 97% of the isotope appearcd in the methyl
—— o

carbon of lactate. With glucose—},h-1 C, L. mesenteroides also gave 2

different pattern from that in L. plantarum, as the isotope was contained
in carbon 2 of the ethanol and the carboxyl carbon of the lactote.
Since in the heterofermentative bacteria, the carbon 1 of glucose

yields CO,, the hexose monophosphate (HMP) pathway was implicated.

2’
However a thiamine pyrophosphate-dependent enzymc has been purified from

extracts of Lactobacillus plentarum (when growing on pentosc - this species

is homofermentative on glucose) which catalyzes the phosphorolytic
clcavage of D=xylulose-5-phosphate to form acetyl phosphate and triose
phosphate. The enzyme, called phosphoketolase (E.C.l4e1.29) is specific
for D-xylulose-5-phosphate (Feath et al., 1958). The phosphoketolase
is distinct from the hexose monophosphate pathway enzyme, transketolase,
which does not participate in the formation of acetyl phosphate. The

phosphoketolase was also demonstrated in Leuconostoc mesenteroides by
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Hurwitz (1958). The triose phosphate formed, glyceraldehyde-3-phosphate,
yields lactic acid by the action of the EMP pathway enzymes and LDH.
Acetylphosphate is dephosphorylated and either forms acetic acid or is
reduced to ethanol via the intermediate formation of acetaldehyde.
Under anaerobic conditions, complete reduction of acetylphosphate
generally occurs. If oxygen is present, some of the acetylphosphate is
converted to acetic acid and some to ethanol. Therefore thecoretically,
heterofermentative bacteria convert one molecule of glucose into one
molecule each of C02, lactic acid and ethanol or acetic acid (Kandler,
1961). For reviews sec Wood (1961), Marth (1962), Reiter and Moller-
Madsen (1963) and Doelle (1969).

c) Other possible pathways.

The Entner-Doudoroff pathway (for reviews see Wood, 1961 and
Doelle, 1969) has been well documented in pseudomonads. The two dis-
tinctive enzymes are phosphogluconate dehydratase (E.Celie2.1.12) and
2-phospho~2-keto-3 deoxygluccnate aldolase. These¢ two enzymes are not
found in the HMP, EMP or the pncsphoketolase pathways. In 5. faccalis
(Sokatch and Gunsalus, 1957) gluconate can serve 2s an ensrgy scurce.
From both the fermentation bclance and the tracer experiments it was
sugsested by Sokatch and Gunsalus that the complete conversion of gluconate
to CO2 and lactate occurred by a combination of the HMP, EMP and
Entner~Doudoroff pathweys. However, S. faecalis, a homofermentative
bacterium, when grown on glucose, forms lactate more or less exclusively
from the EMP pathway and LDH (Platt and Foster, 1958). Therefore the
carbon source can alter thc fermentation pathways. Reiter and Moller-
Madsen (1963), from an observation by Kandler and Busse, suggest that
S. lactis may be capable of fermenting glucose via the Entner-Doudoroff
pathway. However, there is no further conclusive experimental evidence
for this type of metabolism in S. lactis and the Fmbden-Meyerhof
glycolytic pathway is undoubtedly the quantitatively significant

pathway in S. lactis and other lactic streptococci.

As a result of the enzymatic studiesdaf a large number of lactic
acid bacteria, Buyze et al. (1957) have classified the lactic and

bacteria into three fermentative types:
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a) Obligate homofcrmenters, possessing fructose diphosphate
aldolase but lacking glucose-6-phosphate dehydrogenase and
6-phosphogluconate dehydrogenase.

b) Obligate heterofermenters, possessing both the dchydrogenases

mentioned in a) but lacking fructose diphosphate aldolase.

c) Facultaetive homorcrmenters, possessing all three enzymes but
generally metabolizing carbohydrate by means of the Embden-

Meyerhof pathway and LDH.

S. lactis appears to belong to the last group where the EMP pathway
is the quantitatively significant pathway. As mentioned by Doelle (1969), ‘
organisms that generally grow on complex media (meat and ycast extract)
use the EMP pathway for ATP generation. The EMP pathway does not however
provide pentose sugars which arec essential for nucleotide and nucleic acid
biosynthesis. Pentose sugars arise from the HMP pathway of carbohydrate
metabolisn. The complete sequence of the HMP pathway enzymes and function-

ing of the HMP pathway does not appear from the literaturc to have becn

demonstrated in S. lactis. However, glucose-6-phosphatc and
6-phosphogluconate dehydrogenascs are present in S. lactis, so this
species appears to have the potential to use the oxidative portion of
the HMP pathway. The usc of the incomplete HMP pathway by S. loctis
could be sufficient to meet the biosynthetic requirements of the cell

(NADPH and ribose-5-phosphate - if ribose phosphate isomerase is present).

1.3 Formation of Products other than lLactate by Streptococci.

As previously mentioned, the genus Streptococcus is classified as

belonging to the homofermentative group, where lactic acid is the main
product of glucose fermentation.  Experimental evidence from a number
of workers indicates that pyruvate is formed more or less exclusively
from the EMP pathway and is subsequently reduced to lactate by the action
of the NAD+-dependent lactate dehydrogenase. However it is well documented
that products other than lactate may result from fermentation, although
these products are formed in small amounts only.

Friedemann (1939) found that in S. lactis the yield of lactic
acid was 89%; low amounts of ethanol, acetate and formic acid, plus

undetermined non-volatile acids were detected. In S. liguefaciens

strain 815, a homofermentative organism, more than 90% of the glucose



fermented was converted to lactate (Gunsalus and Niven, 1942).
However at pH 6.5 or higher, thc combined yields of formic and acetic
acid and ethanol may account for 25 to 4Ok of the sugar fermented.

Platt and Foster (1958) made a quantitative study of the prcducts by
seven homofermentative lactic streptococci in their anserobic
fermentation of glucosc. Loactate was the major product of glucose
netabolism in fermentation with and without pH control. The by-products
included ethanol, acetic acid, glycercl, diacetyl, acetoin,
2,3-butanediol and COZ' In S. lactis, acetic acid, 002 ethanol and
acetoin were detected, but no formic acid as in other reports. The

S. lactis and S. cremoris strains were different from the five other
specics in that smaller amounts of by-products were formed at pH 7.0
than in fermentations allowed to become acid. Platt and Foster (1958)
concluded from oxidation-reduction indices and carbon rccoveries that

the products found in small amounts, as well as the major product

1402, Platt and Foster showed
that three species (includes S. lactis and S. cremoris) can fix CO

lactate, were formed from glucosc. With C
o

White and Sherman (1943) examined the effect of aeration on glucose
fermentation by a range of streptococci. While little difference was
observed between anaerobic and normal aerobic conditions, vigorous
aeration markedly inhibited growth and resulted in an associatcd decrease
in lactic acid production.

The presence of other minor fermentation products, by streptococci,
indicates that the potential is present for fermentation of pyruvate by
enzyme mechanisms other than lactate dehydrogenase, e.g. pyruvate-
formate lyase, Lindmark et zl. (1969).

1.4 Oxidative Phosphorylation in Lactic Acid Bacteria.

Lactic acid bacteria normally lack haematin enzymes in their
electron transport system (Dolin, 1953). However evidence has
accunulated to show that oxygen can be of benefit in the utilization of
sugars and polyhydroxy alcohols by certain bacteria (Gunsalus and
Sherman, 1943; Gunsalus and Umbreit, 1945 and Dolin, 1955). Gallin
and Van Demark (1964) produced evidence for oxidative phosphorylation
in Streptococcus faecalis and postuleted that phosphorylation may be

coupled to electron flow through an NADH/flavin system or during the
oxidation of naphthoquinone. Later Smalley et al. (1968) used molar

growth yields as evidence for oxidative phosphorylation with the same
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organism, and calculated a P:0 ratio approximating to 0.6. Whittenbury
(1964) observed that meny types of lactic acid bacteria synthesize
catalase when provided with hnemetin and that a few strains also formed
cytochromes of the a and b- typcs. Whittenbury raised the possibility
that some lactic acid bacteria might form a functional cxidative
phosphorylation systen. ILnter Bryan-Jones and Whittenbury (1969)
presented evidence for the presence of a cytochrome electron trans-
port system in hzematin-grown S. faecalis which results in oxidative
phosphorylation coupled to the oxidation of reduced pyridine nucleotide.
The oxidative phosphorylation system was found in the membrone fraction,
which contained a b2 type cytochrome. However as mentioned by Bryan-
Jones and Whittenbury (1969), though the presence of hacmatin stimulates
S. faeczlis to behave likc an acerobe, it still performs inefficiently
in that a functional Krebs cycle is lacking and the final products of
glucose oxidation include lactate, acetate and acetoin. Ritchey and

Seeley (1974) showed that functional cytochromes were found in the

membrane fraction of Streptococcus faecalis var. zymogencs if grown
aerobically with haematin. Inhibitors and uncouplers of oxidative
phosphorylation verified the presencc of cytochromes in thc membrane
fraction. Molar growth yields gave further evidence for oxidative
phosphorylation. When the bacteria were grown without hacmatin only a
flavin system of electron transport was present without additional ATP
generation. The primary product during aerobic growth, with haematin,
was acetate (92%) with small amounts of lactate, acetylmethylcarbinol
and ethanol. This contrasts to anaerobic growth where 8% lactate was
present with only small amounts of acetate, ethanol, acetylmethylcarbinol
or 2,3-butenediol.

Sijpesteijn (1970) investigated the aerobic growth of S. lectis

and Leuconostoc mesenteroides in a medium containing haematin and

showed that the spectra of thea and btypes of cytochromes was present.
The §. lactis cells when grown in a glucose-basal-medium showcd a poor
capacity to take up oxygen and the major end product was lactic acid
with only a small amount of acetic acid formed and a trace amount of
acetoin. With a supplement of hacmin (10 ppm) the O2 uptake increased
threc f'old and more acetic acid, acetoin and 002 were formecd with an
associated drop in lactic acid production. Sijpesteijn suggested

that the cytochrome system was meinly responsible for the oxidation
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of NADH with the NADH oxidase(s) playing only a minor role. The
growth of S. lactis is stimulated by incorporation of haemin which may
indicate that the cytochrome-mediated respiration gives rise to more ATP
than the NADH-oxidase mediated respiration.  However unlike S. faecalis,
there is no direct cevidcnce that cytochrome-mediated respiration in
S. lactis is coupled to oxidative phosphorylation.
It is evident that under normal growth conditions S. lactis and
other homofermentative bactcria. use pyruvate as the terminal hydrogen
acceptor via the action of LDH. Though NADH oxidases are present, their
function is not known, but they probably do not contribute to ATP production
even under aerobic conditions. However if haemin is added to the growth |
medium, it is possible for at least some homofermentative bacteria, |
including S. lactis, to develop 2 functional cytochrome system which
allows NaD* regencration by an oxidative pathway and possibly an
associated production of ATP. However, as yet, no completely functional
Krebs cycle has been demonstrated under any circumstances for lactic acid

bacteria. Therefore it can be concluded that the major energy production

from carbohydrate metabolisia is at the substrate level of phosphorylation

of the Embden-Meyecrhof--Porincs pathway.

1.0 _Lactose and Galactosc Motabolism.

McKay et al. (1969) studied the involvement of PEP in lactose
utilization by group N Strcptocouci. Two S. lact’s strains were studied
(Strains 7962 and CZF) and from the effect of sodium fluoride on the
metabclism of lactose and o-nitrophenyl- J-D-gzlactopyranoside it was
suggested that different mechanisms of lactose utilization exist in the
two strains. The S. lactis C2F, which had no /B-galactosidase, was
dependent on a FiP-dependent phosphotransferase system for lactose
utilization, whereas in S. lactis 7962 the F-galactosidase was
responsible for lactose utilization. McKay et al. (1970) by enzymatic and
genetic analysis showed that the S. lactis CZF hydrolysed o-nitrophenyl-
J5-D-galact opyranoside-6-phosphate (ONPG-6-P) and transported lactose by
a PEP-dependent system which is similar to that found in Staphylococcus

aureus (Simoni et al., 1968). The enzyme B-D-phosphogalactoside
galact ohydrolase which hydrolyses lactose-phosphate to glucose and
D-galactose-6-phosphate has been purified and studied by Johnson and
McDonald (1974).
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Bissett and fnderson (1973) showed that in Staphylococcus aureus,
D-galactose-6-plhiosphate is mctabolised further through the tagatose
pathway: D-galactose--6~phesphate => D-tagatosu-o-phosphate —>
D-tagatose =1, 5>-diphosphote > D-glyceraldchydc-3--phosphate +
dihydroxyacetcnephosphete. “'his differs from the usual pathway in
which lactose is metaboliscd by ,Emgalactosidase, to form D-glucosc
and D-galactose followed by the conversion of D-galactose to D-glucose-6-
phosphate via the well known Leloir pathway {(Tazw 1 ot all., 1962):
D-galactose =3 D-galactosc—1-phosphate =% UDP-galactose == UDP-glucose
—3 D-glucose-1-phosphate ==% D-glucose-6-phosphate. Since the group N
streptococci possess mainly phospho-# -galactosidase activity and little
F-galactosidase activity (with only a few excepticns, sec Vakil and
Shahani, 1969 and McKay et al., 1970) a tagatose-6-phosphate pathway
would be expected. Bissctt and Anderson (1974) showed that of the four
streptococci studied 2ll possesscd the enzymes for both the tagatose
and the Leloir pathway.  Other bacteria such as B. coli, S. aureus and

Aerobacter aerogenes possess the enzymes of only one pathway. Hence

streptococci have the enzymatic potential to use both pathways. However
the relative uarticipation of the two pathways is not known.

Prefercential use of the tagatose pathway would circumvent the opportun:ii;-
for G-6-P to pass through at lecast the oxidative proportion of the HHMP
pathway. Also tagatosc—i ,6--diphosphate may be sufficiently different
from FDP (an important contircl mctabelite in many crganisms) in its

ellosteric control of enzyimcs to eZfeet a different cellular metabolism.

1.6 Metabolism of Non-Carboh~drate Compounds.

S. lactis C, |, can grow on a number of carln~hrdrates, including

glucose, galactoseiolactoso, marilose, salicin, frucvose, maltose and
dextrin, but not on sucrose, mannitol, arabinose, raffinose and sorbitol
(Sandine et al., 1962). Apart from cerbohydrate, arginine is the

only substrate reported from which S. lactis can obtain cncrgy (Barker,
1961).

Certain species of enterococci in the genus Streptococcus are
able to metabolize pyruvate, citrate, malate, glycerol or gluconate
alone as sources of energy for anaerobic growth (review by Deibel,
1964). London EE Q%. (1970, 1971) showed that an inducible malic
enzyme (decarboxylating) is present in strains of S. faecalis (and

L. yasei). The malic enzymc from both species was inhibited by the
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glycolytic intermediates FDP and 3-phosphoglycerate. They report that

other Lactobacillus and Strcptococcus species (including S. lactis) which

are unable to grow on malate, do not synthesize this inducible enzyme-.

Streptococcus diacctilactis was unable to use citrate as a source

for growth but the addition of citrate to a lactose-containing medium
increased the specific growth ra“e by 35% (Harvey and Collins, 1963).
Maxrth (1962) suggests that fermentation of citrate results in production
cf pyruvate without & simultanccous supply of reduced HAD+, and hence
products other than lactic acid are formed. The manner by which

S. diacetilactis produces acetoin from citrate has becn studied by

Sandine et al. (1961). A citritase enzyme converts citrate into
acetate and oxaloacetate, and an oxaloacetate decarboxylase catalyzes
the production of pyruvate. Pyruvate is then converted to acetolactate
and subsequently to acetoin.

Certain strains of lactic streptococci can also produce volatile
carbonyl compounds and fatty acids from some amino-acids, although
usually only in trace amounts (MocLeod and Morgan, 1958, Nakae and
Elliott, 1965a and b).

17 Becterial Regulotory Mechanisms: General Comments.

"It is evident that in any highly complex metabolic system, com-
posed of interlocking and overlapping biosynthetic and degradative path-
ways, the regulation of certain strategic enzyme aciivities is more
critical to the maintenancc of fine balance between the various
metabolic functions than is the regulation of others.", (Stadtman, 1966).
The control of the strategic enzyme activities can be achieved in many
ways (for reviews, sec Sanwal, 1970; . Stadtman, *9%5; Stadtman, 1970
and Atkinson, 1970). The two basic controls are via regulation of enzyme
activity and regulation of enzyme concentration. The regulation of
enzyme concentration can be achieved in a number of ways: a) Substrate
induction of enzyme synthesis, b) Catabolite repression, c) Feedback
repression of enzyme synthesis, and d) Enzyme inactivation and
degradation (Stadtman, 1970). Regulation of enzyme activity can also
be achieved in a number of ways which include: a) Allosteric regulation
of enzyme activity (Stadtman, 1966), b) Energy-linked controls (the
energy charge of the adenylate system - Atkinson, 1968 and 1970) which
may be of the allosteric type, c) Energy-dependent covalent modification
of regulatory enzymes (Q. coli - glutamine synthetase - Shapiro and
Stadtman, 1967).
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The allosteric regulation of enzyme activity is the most inten-
sively studied area of regulation by control of cnzyme activity.
Allosteric enzymes show susceptibility to activation or inhibition by
metabolites (modifiers or cf'fectors) which may be quite distinct from
the substrate or may be one or other of the substrate molecules. The
original use of the term "allosteric" referred to situations in which
the effector was structurally quite distinct from the substrate and
bound at a distinct site (allosteric site). However, as Atkinson
(1966) points out, "the word allosteric has since been employced in a
variety of contexts, often with no vestige of the original definition
in evidence".

Umbarger (1956) notcd for E. coli threonine deaminase, that the
substrate saturation functicn is sigmoidal rather than hyperbolic.
Sigmoid kinetics indicate the existence of two or more interacting
binding sites on the enzyme such that the binding of one molecule facili-
tates (or inhibits) the binding of a further molecule. If the
co-operative binding interaction is between molecules of the same sort
(whether these be substrate or distinct effector molecules) the inter-
action is termed homotropic. If the co-operctive binding of 2o molecule
is affected by a structurally distinct molecule then the interaction is
termed heterotropic. The sigmoidal (or co-operative) velocity response
is associated with most, but not all, allosteric c¢nzymcs (Stadtman, 1970).

Hill (1913) in studying the binding curve of oxygen to hemoglobin,
developed a useful method of expressing the data, the Hill plot, which

can be used as a Btest for allosteric enzymes. In cases where

w

there is co-operative interaction between binding sites thi¢ relationship
between reaction velocity =nd effector concentration may bc represented

by the equation:

log v/Vmax—v = ny log M - log K.
where ny = Hill interaction coefficient
M = concentration of modifier (effector)
v = reaction velocity
— maximum reaction velocity at optimum
concentration of modifier (effector)
X = a constant

The Hill plot is a plot of log v/qux-v versus log M. The Hill
interaction coefficient (nH) obtained from the slope of the Hill plot,
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indicates the minimum number of sites that are showing co-operative
interaction. A Hill interaction cocfficient (nH) of grecater than one
indicates positive co-operativity, less than one indicates negative
co-operativity and a Ny valuec equal to one indicates non-interacting
sites (i.c. modifier binding shows hyperbolic kinetics). When the
modifier is an inhibitor, the Hill interaction coefficient will be
expressed as a negative slope (i.e. n, = -numerical value). The con-
centration of modifier giving half maximunm velocity, determined where
v/Vmax—v =1 or log V/Vﬁax—v = 0, will be referred to as M 0.5V in the
prescnt study except in coses (such as pyruvate kinase) where both
substrate and effector show co-operativity. In thcse cases the

particular substance will be specified, e.g. PEP 0.5V

918 Some #Aspects of Regulation of Carbohydrate Metabolism in

Lactic Streptococeci.

The regulation of carbohydrate metabolism in E. coli end related
bacteria has been fairly thoroughly studied (Sanwal, 1970 and Kornberg,
1970). The carbohydrate and energy metabolism of homofermentative
lactic acid bacteria differs in many respects from that of the enteric
bacteria as described in Scctions 1.1 to 1.6 (with speciel reference to
S..lactis):

a) The EMP pathway is probably the only quantitatively signif:isant

pathwey for formation cf pyruvetec from glucose.

b) Most of the pyruvate formed from glucose is converted to lactate.
The potential exists for pyruvate to be converted to other products, but
this potential is rarely realised to any apprcciable extent at least in

the lactic streptococci.

c) At least the oxidative enzymes of the HMP are present in
S. lactis (while the remaining enzymes of the HMP are possibly absent).

d) There is no functional Kreb's cycle and, in the absence of

haematin in the medium, no cytochrome system.

e) Lactose and galactose can be metabolised by two possible

routes -~ the tagatose pathway and the Leloir pathway.

f) Phosphoenolpyruvate phosphotransferase is probably the main

sugar transport system for all sugars including lactose.



12,

g) Since no growth occurs on a casein hydrolysate=yeast extract
medium without added carbohydrate, it would appear that gluconeogenesis

cannot occur in these bactoria.

The above metabolic fecatures of the lactic streptococeci would
involve distinctive regulatory features compered to other bacteria such
as E. coli.
Because of the importancc of the EMP patlway in these bacteria as
the major energy production pathway by substrate level phosphorylation,
this pathway nust be controlled to meet the energetic and biosynthetic neceds
of the bacteria. Lactate dehydrogenase (LDH) in catalyzing the terminal
step in glycolysis, fulfils the important function of NADY regeneration.
Ir NaDY regeneration is not effective then glycolysis cannot proceed
beyond the formation of glyceraidehyde—3—phosphate and the nett result
is no ATP production. Since the lactic streptococci normally possess
no cytochrome system, no transhydrogenase activity and very little NADH ‘
oxidase activity, the only NsD* regeneration svstem is LDII. Therefore
the regulation of LDH has the potential for controlling the overall
activity of the EMP pathway.
Wolin (1964 ) reported that the L(+)-LDH's from several species of
Streptococcus were specificelly activated by FDP. Other glycolytic irici-

mediates have no significant effect on activity. This activation appears
to be present in only a few bactirial spccies olher than streptococcei.
This FDP activation of LDH's is probably onec way of ensuring a sufficient
intracellular concentration of MaD', The FDP--activated LDH's will be
reviewed more intensively in Scction 2.1.

Another important aspect of the carbor'reo*ec metabolism of lactic
streptococei is the role of phosphoenolpyruvate (PYP). PEP can be con-
verted to pyruvate by pyruvatc kinase, one of the two EMP pathway reactions
involved in ATP generation. PEP is also required by the PEP-phosphatrans-
ferase systen. Control of PEP metabolism is therefore of considerable
importance in streptococcal carbohydrate metabolism. Collins and
Thomas (1974) showed recently that pyruvate kinase in lactic streptococci
is activated by FDP. The role that pyruvate kinase may play is dis-

cussed more fully in Section 3.1.
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Sanwal (1970) states that: "One of the enigmatic problems perhaps
central to the understanding of carbohydrate metabolism is the nature of
control system (or systcms) which determines the distribution of glucose-6-
phosphate into the pentose phosphate pathway on thc one hand and the
glycolytic pathway on the other".  Since at least the oxidative enzymes of
the HMP pathwayare present in moct streptococcal species, it is evident
that some control must exist. Model and Rittenberg (1967) suggest for
E. coli that the oxidative pathway is regulated b~ the availability of
NADPY. In S. foecalis Brown and Wittenberger (1971a) have shown that
6-phosphoglyconate dehydrogenase (6-PGDH) is specifically inhibited by
FDP.

This aspecct of metabolism of streptococci will be reviewed more
intensively in Section 4.1.

In & number of S. mutans strains, that lack the oxidative portion
of the HMP pathway and transhydrogenase activity, Brown and Wittenberger
(1971b) showed that the enzyne, glyceraldehyde-3-phosphate exists as two
separable isoenzymes. One of the enzymes is NAD+—linked and the other is
& MADP'-linked enzyme . Brown and Wittenberger suggested that a physio-
logical role for the NADP'-1linked enzyme is as 2 metabolic alternative
to the oxidative portion of thc HMP pathway in generation of NADFH.

At least three streptoccccal enzymes appear to be rcgulated by
FDP (LDH, pyruvate kinase and 6-PGDH). The en~ymes, FDP cliolose and
phosphofructokinase involved in the formation and dogradation of IDP, «nd
the tagatose pathway enzymcs which bypasses FDP, all may play a role in
control, by affecting thc FDP level which in turn controls three important

enzymes. The enzyme phosphofructokinase from Lactobacillus casei and

Lactobacillus plantarun does not exhibit the sigmoidal kinetics (Doelle,

1972). While ADP, AMP and cyclic AMP inhibit the L. plantarum cnzyme,

the L. casei is not affected by these three nucleotides. Doelle concludes
from the evidence that phosphofructokinase of these species is not

an allosteric protein. This is in contrast to the allosteric properties
of the phosphofructokinasc from many mammalian and bacterial sources.
Phosphofructokinase of lactic streptococci does not appear to have been
investigated, but if the findings of Doelle apply to these organisms as
well, then it is clear that the regulatory mechanisms in glycolysis

are quite different from those operating in many other bacteria.
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1.9 General Aims of the Present Investigation

S. ' lactis C10 was selected for the present study because of its
importance in the New Zealand dairy industry as a cheese "starter"
organism. While some information on regulatory mechanisms has been
obtained for S. faecalis and for some cariogenic streptococci such as
S. nutens, little information waes available at thc outset of this study
on the lactic streptococci.
Three S. lactis C1O

lactate dehydrogenase, pyruvate kinase and 6-phosphogluconate dehydrogenase.

enzynes were chosen for study. They are

A common feature of these three enzymes is the potential role of F¥FDP in
controlling their activities and as previously mentioned in Section 1.8,
these enzymes may play important roles in the control of carbohydrate
metabolism. To ascertain the possible role these three enzymes play in
control, a detailed kinetic study of the enzymes was planned to investigate
a large number of potential factors that may affect activity. To supple-
ment the kinetic studies on the three enzymes an investigation of the

in vivo levels of metabolites that affect their activities was also
undertaken. By investigation of these three important enzymes it was
hoped to arrive at a better understanding of their role in control of

S. lactis carbohydrate metabolism.



SECTION 2

LACTATE DEHYDROGENASE
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247 Introduction

Lactate dehydrogenase (LDH), (lactate : NAD' oxidoreductase) is
widely distributed among living organisms. The most thoroughly studied
is the LDH from higher animal tissues, but LDH's have also been studied
in invertebrates, some plants, several fungi and many bacteria.  The
usual function is catalysis of thc terminal step in glycolysis which
serves to reoxidize the reduced NAD+, generated in glycolysis under
ancerobic conditions, or in those organisms lacking a mechanism for
aerobic oxidation of NADL. Under appropriate conditions the enzyme

may also catalyse lactate oxidation.

2.1.1  Mammalian L(+)-lactate Dehydrogenase

The L(+)-lactate dehydrogenase (L(+)-lactate : NAD® oxidoreductase,
E.C. 141 .1.27)(LDH) from higher animal tissues has been extensively
studied (for comprehensive reviews see Schwert and Winer, 1963 and
Everse and Kaplan, 1973). It is not rclevant to the present study to
review this work in detail but a brief summary of the main properties
with particular emphasis on regulation is provided in the following
paragraphs to serve as a basis for comparison with the streptococcal
and other microbial LDH's.

In all higher animals, the product of the reduction of pyruvate
is the L(+)-isomer of lactate and only the LDH's from certain invertebrates
and some bacteria catalyzc the formation of the D(—)-lactate isomer.
All the animal L(+)-LDH's that have been purified to date have a molecular
weight of approximately 140,000 and consist of four subunits (the inver-
tebrate D(-)-LDH's, D(-)-lactate : NAD' oxidoreductase, E.C. 1.1.1.28,
are exceptions which are dimeric and have molecular weights of about
70,000, e.g. horseshoe crab (Long and Kaplan, 1968)). Bach of the four
subunits of the L(+)-LDH's hzs a molecular weight of approximately 35,000.
In cammalian LDH's there are two basic subunits (designated H and M)
which can combine to give five different tetrameric isoenzymes, Hh’
H3M, HM,, HM3 and Ml+ (Wilkinson, 1969). The H, form predominates

in the heart tissue and the M, in muscle and these two forms of LDH

/N
have been most extensively studied. Though structurally similar there
are physiologically significant differences between the Hh and Mh iso-
enzymes (Wilkinson, 1969), the most notable difference being in the

sensitivity of the two forms to substrate inhibition (see next page).
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Lactate dehydrogenase is thought to have an ordered, compulsory
sequence of addition and release of substrates and products. Bvidence
for this comes from equilibrium isotope exchange experiments -
(Silverstein and Boyer, 1964) on bovine heart and rabbit muscle enzymes,
from kinetic isotope effects for rabbit muscle L(+)-LDH (Thomson et al.,
1964 ) and from product inhibition studies (Zewe and Fromm, 1962).
Fluorescence studies by several workers (Winer et al., 1957 and
Fromm, 4963) supported the proposed reaction scheme for LDH and gave
evidence for binary and ternary complexes. All these lines of evidence
indicate that the coenzyme NAD' (or NADH) must bind to the enzyme before
binding of the substrate, lactate (or pyruvate).

The mammalian L(+)-LDH's are inhibited in the presence of high
levels of substrates (Cahn et al., 1962). This inhibition is observed
in either direction and with both types of enzymes, although the
inhibition is much more pronounced with the H-type LDH than with the
M-type LDH.

The existence of abortive or dead-end ternary complexes (Arnold
and Kaplan, 197&) has been extensively studied and evidence has been
obtained in a number of laboratories that the phenomenon of pyruvate
inhibition (Kaplan et al., 1968) is related to the formation of such
abortive ternary complexes. The metabolic control of H-type LDH by
its own substrate and coenzyme via abortive ternary complexes is
physiologically important as it rostricts pyruvate 1eduction while
retaining the capacity for lactate oxidation in the heart. Since the
heart requires large amounts of ATP, metabolic control of‘IL—LDH by
pyruvate, ensures that pyruvate is metabolised by oxidation through the
citric acid cycle with subsequent ATP production rather than being
reduced to lactate. The kinetic properties of the HA~LDH and MA-LDH

are such that under in vivo conditions, H, -LDH favours lactate oxidation

L

and M, -LDH favours pyruvate reduction.

4

2.4 +2 Bacterial Lactate Dehydrogenases

In contrast to the knowledge of mammalian LDH very much less is
known about LDH's in bacteria even though this enzyme is of widespread
occurrence. The properties of LDH's of bacteria appear to be more
diverse than those of vertebrates. Bacterial LDH's are of two types,
one NAD-linked and the other NAD-independent (usually flavine-linked).
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The latter type may either be soluble or membrane bound. The membrane
bound LDH's of some bacteria are thought to be of particular importance.
in the transport of metabolites across the bacterial membrane
(Kaback and Milner, 1970). However the general functional significance
of the NAD-independent LDH's in bacteria is still not clear (Stevenson
and Holdsworth, 1973 and Doelle, 1971¢) and they will not be further
discussed.

However, even if only the NAD-dependent LDH's are considered it
is clear that many different types of enzyme exist in microorganisms,
sometimes more than one type in the same organism.

NAD-dependent LDH's from the following bacteria have been purified
and studied fairly fully.

Butyribacteriim rettgeri D(-)-LDH Wittenberger and Haaf (4966)
Wittenberger and Fulco (1967)
Wittenberger (1968)

Escherichia coli D(—)—LDH Tarmy and Kaplan (1968 a and b)

Bacillus subtilis L(+)-IDH Yoshida and Freese (1965)
Yoshida (1965)

Lactobacillus species both D(-)
and L(+)-LDH Snoswell (1959)
Snoswell (1961)
Snoswell (1963)
Dennis and Kaplan (1960)
Dennis et al. (1965)
Gasscr et al. (1970)

-

Streptococcus species L(+)-

(rarely D) see next section.

Other less extensive studies on bacterial ILDH's include the LDH

from Staphylococcus aureus (Stockland and San Clemente, 1969),

Acholeplasma laidlawii (Neimark and Tung, 1973) and Leuconostoc
(Garvie, 1969, Garland, 1973, and Doelle, 1971a, b). A brief review

of the properties of only the more fully studied bacterial LDH's will
be given.



18.

The D(-)—specific LDH from Butyribacteriumrettgeri was studied
by Wittenberger and Haaf (1966), Wittenberger and Fulco (1967) and

Wittenberger (1968). The enzyme follows normal hyperbolic saturation
kinetics with respect to its coenzyme, NADH, but unlike mammalian L(+)-
LDH's and many bacterial D(-) and L(+)-LDH's it exhibits a sigmoidal
kinetic response to increasing concentrations of pyruvate. Reduction
of NADY by lactate could not be demonstrated under a variety of
conditions that favour lactate oxidation by mammalian L(+)-LDH's. The
B. rettgeri D(—)—LDH is sensitive to inhibition by ATP, but unlike
mammalian LDH's (Geyer, 1967) where ATP inhibition is competitive with
respect to NADH, the inhibition was complex, with ATP being partially
competitive with respect to NADH. The inhibition by ATP did not occur
at low pyruvate concentrations. Since increasing pyruvate concentra-
tions increase the apparent KM for NADH, the authors suggest that ATP
probably interacts with the B. rettgeri enzyme at a site separate and
distinct from the coenzyme binding site.

Escherichia coli B D(-)-LDH has been studied by Tarmy and Kaplan

(1968a and b). Like Butyribacterium rettgeri LDH, it shows sigmoidal

kinetic response to increasing concentrations of pyruvate but differs
in that ATP behaved as a simple competitive inhibitor with respect to
NADH.

Yoshida and Freese (41965) and Yoshida (1965) purified and studied
the L(+)-LDH from Bacillus subtilis. The enzyme had a molecular weight

of 146,000 which is composed of four identical subunits. The B. subtilis
LDH is similar to the heart-type enzyme rather than the muscle-type
enzyme with respect to the following enzymic characteristics: the
optimal pH for oxidation of L(+)—lactate was 7.2 whereas it was 6.0 for
the reduction of pyruvate; the enzyme was inhibited by elevated con-
centrations ( 0.8 mM) of pyruvate; the enzyme was also rapidly
inactivated by FCMB. The 3. subtilis enzyme is different from the
vertebrate LDH's in respect to activity with different NaD*t analogues.

In Lactobacillus species, both D(-) and L(+)-LDH's occur. These

enzymes have been purified from Lactobacillus plantarum and their kinetic

properties studied and shown to be distinctive. Dennis and Kaplan (1960)
separated and purified the D(-) and L(+)-LDH's from L. plantarum ATCC
80441 and demonstrated that the two LDH's are distinctly different

molecules. The two LDH's show different specificity toward a range
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of NAD analogues. . The pH optima for D(-)-LDH and L(+)-LDH were
respectively, 8.5 and 7.5. The two enzymes also showed‘differences
in heat stability, oxalate inhibition, immunological properties and KM
values. The authors suggest that the two LDH's con couple together
to form a reaction pathway for racemization of lactic acid. Mizushima
et al. (1964) similarly separated and purified the D(-}and L(+)-LDH's

from Lactobacillus plantarum 14 . These enzymes were distinguishable

by their substrate specif'icity, heat stability and oxemate inhibition.
The ATP was competitive with respect to NADH for both the D(~)land L(+)-
LDH's. ADP showed similar action and AMP showed no inhibitory effect
at physiological concentrations. The above findings were confirmed in
more detail by Snoswell (1959, 1961 and 1963) who showed that in
addition to the distinctive D(-)- and L(+)-NAD dependent LDH's there
were also D(-)- and L(+)-MAD-independent LDH's in the same strain of

L. arabinosus (= L. Elantarug). Gasser et al. (1970) purified and
studied the properties of D(~)- and L(+)-NAD-dependent LDH's of
different species of Lactobacillus but reported that ATP, ADP and AMP
had no effect on the activity of D(-)- and L(+)-LDH's of most lacto-

bacilli in contrast to the previous reports of inhibition by ATP and
ADP on the D(-)- and L(+)-LDH's from L. plantarum 11 (Mizushima et al.,
1964). The only exceptions were the L(+)-LDH's from two strains of
L. acidophilus which did show some innibition by ATP but this inhibition
was regarded by the authors to be possibly due to fortuitous side
effects (Gasser et al., 1970).

Another novel control of bacterial LDH's is that found in

Leuconostoc mesenteroides by Doelle (1971 a and b). Malic acid if added

to culture medium increased lactic acid productiru ‘threefold with a
reduction of the ratio of D(-)- to L(+)-lactic as’’. Addition of
malic acid apparently increased the synthesis of the two enzymes, but
to different extents; the specific activity of L(+)-LDH increased 6.5
fold while that of D(-)-LDH increased 3.2 fold. Malate (and other
carboxylic acids) stimulated the L(+)-LDH and inhibited the D(-)-LDH.
The D(-)-LDH exhibited a different pattern of electrophoretic mobility

depending on whether L. mesenteroides was grown in the presence or

absence of malic acid, but no comparable effect was found for the
L(+)-LDH. Garvie (1969) made a comparative study of the lactate de-
hydrogenases from strains of Leuconostoc. 0f the 11 strains of genus

Leuconostoc examined all had D(-)-MAD-dependent LDH's but no L(+)-LDH
activity could be detected.
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The widely differing properties of bacterial LDH's may well be
related to the specific regulating mechanisms operating in each species
but in very few cases has this relationship been explained. TFor
example, the physiological significance of having both D(-) and L(+)
specific NAD-dependent LDH's in one organism is not obvious, but the
findings of Dnelle on the differential regulation of these two enzymes in
Leuconostoc by malate indicates that they may have distinct functions.

2415 Fructose-4,6—D;phosphate-ﬂctivated L(+)-Lactate

Dehydrogenases from Streptococci.

Wolin (1964) was the first to repert the activation of strepto- - l
coccal lactate dehydrogenases (L(+)-lactate : NAD' oxidoreductase,
E.Co 14141.27) (L(+)~LDH) by fructese— ,6-~diphnsphate (FDP).- He found

that LDH activity 4in a Streptococcus bovis strain was very low when

assayed by the usual LDH assay procedure but aetivity was substantially
increased if FDP was added to the assay system. Inorganic phosphate,
fructose, fructose—t-phosphate, fructose-6-phosphate, glucose-6-phosphate,
ribose-6-phmsphate, mannitol, sorbitol, glyceraldehyde-3~phosphate,
dehydrmxyacetone-phasphate, glyceraldehyde, glycerol, adenosine tri=-,

di=, and monophosphate did not substitute for FDP. As well as activating
the enzyme, FDP wmuld also stabilise the activity. Wolin also ahowed
that, in strains of other streptacoccal species, the LDH's had a similar

- FDP requirement for activity, (§. faecalis, S. thermophilus and

8. agalactise). Another strain of S. bovis did not appear to require
FDP for NADH oxidation and showed only slight stimulation of activity
when FDP was added.

This requirement of LDH for FDP has subsequently been demonstrated
for all other streptacoccal LDH's that have been investigated. Outside
of the genus. Streptococeus this activatiqn of LDH by FDP has only been
reported o occur in Bifidobacterium bifidus (de Vriesand Stouthamer;-4968),
Lactobacillus casei L3 (de Vries et al., 1970) and reesently in the-
mycoplasma Acholeplasma laidlawii type A (Neimark and Tung, 1973) and
in twenty-one Staphylococcus strains: (Schleifer and Kocur, 1973).

The FDP activation appears to affect only the L(+)-LDH*s. -
Streptococcus lactis strain 760 (Mou et al., 1972) was the one excep~

tion in 32 strains of group N. streptecocci, selected for their ability
to produce lactic acid rapidly in milk oulture, that possessed a
D(~) specific LDH as well as the usual L(+) specific LDH. The two
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enzymes were isolated and purified and were found to differ in pH
optima, pH and heat stability and only the L(+)-LDH was activated

by FDP. A similar finding for Streptococcus mutans strain PK—

was made by Yamada et al. (1970) where FDP appears to have an effect
on L(+)-LDH but not on D(-)-LDH. Streptococcal species (with the
exception of the examples mentioned above) generally produce only
L(+)-lactic acid (Wood, 161) and therefore they would be
expected to possess only an LDH specific for the L(+)-lactate.

Anders et al. (1970) surveyed the LDH activities of a large number of
group N streptococci and showed that their LDH's were specific for the
L(+)—isomer of lactate and were markedly activated by FDP. Most other
workers, who have studied the FDP activated LDH, have confirmed that
reduction of the MAD' was obtained with L(+)-lactate but not with
D(-)-lactate. [In a subsequent section the stereospecificity of
lactate oxidation for the LDH of the specific S. lactis strain <Q1O)
used in the present study is examined (2.4.6). The enzyme was shown

to be an L(+)-LDH. The S. lactis C . enzyme will therefore be |

referred to as an L(+)-LDH in subseqlgnt pageé}

The streptococcal LDH's have been extensively studied by two
groups of workers: a group working at the National Institute of
Health in the U.S.A., Wittenberger and Angelo (1970), Wittenberger
et al. (1971 ) and Brown and Vittenberger (1972), and a group working
in Melbourne, Australia, Anders et al. (1970), Jago et 2l. (1974 ), Dynon
et al. (1972), Jonas et al. (1972) and Mou et al. (1972). Their find-
ings show that there are considerable differences between species in
relation to the properties o the IDP activated LDH's.

Wittenberger and Angelo (1970) reported that the LDH purified
35-fold from S. faecalis required a FDP concentration of 0.045 mM for
50% maximum activity under standard assay conditions and had an
absolute and specific requirement for FDP for catalytic activity.

The activity of the enzyme was greater at pH 5.8 than it was at
neutral or alkaline pH. The FDP lowered significantly the apparent
KM for both pyruvate and reduced nicotinamide adenine dinucleotide
(MADH) but did not alter the Vﬁax' In this study of the S. faecalis
LDH all the kinetic properties were determined in 100 mM phosphate
buffer. The enzyme was rendered heat labile by the presence of FDP
or by high concentrations of phosphate buffer.

Jonas et al. (1972) studied the factors affecting the activity
of the LDH partially purified (40-fold) from S. cremoris US3 and found
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contrasting properties to that found for the S. faecalis LDH. In the
absence of FDP slight activity did occur, but at a different pH optimum
to that when FDP was present. Inorganic phosphate was reported by
Anders et al. (1970) to inhibit the activation of group N. streptococcal
LDH's by FDP and this obscrvation was extended by Jonas et al. (1972).
An effect of inorganic phosphate on the LDH from S. faecalis was not
reported (Wittenberger end Angelo, 1970). Increasing the FDP con-
centration lowered the KM for both pyruvate and NADH for the S. cremoris
LDH, but in contrast to the findings for the S. faecalis enzyme, FDP
also increased the Vmax' Another contrast with S. faecalis, was that
FDP and inorganic phosphate gave protection against thermal
inactivation of S. cremoris LDH. The FDP requirement for SQ% maximum
activity for S. cremoris LDH was approximately 0.005 mM, and was hence
ten times lower than that for the S. faecalis LDH. All kinetic studies
on the S. cremoris LDH (Jonas et al., 1972) were carried out in
triethanolamine/HCl buffer, since it was shown that phosphate buffer
increased the FDP requirement for maximal activity.

Brown and Wittenberger (1972) made a comparative study of the
LDH's from a range of cariogenic streptococci. LDH's from some of the
S. mutans strains studied by Brown and Wittenberger (1972) showed
sigmoidal pyruvate saturation curves which contrasts to the hyperbolic
pyruvate saturation curves for S. cremoris (Jonas ct al., 1972) and
S. faecalis (Wittenberger and Angelo, 1970) LDH's. The S. mutans NCIC
10449 LDH was studied in detail by Brown and Wittenberger (1972) and
the FDP concentration for 50% maximum activity was 5.0 mM which is very
different FDP requirement for the LDH's from S. faecalis and S. cremoris.

Table 2.1 .3 summarizes the major differences between the
streptococcal LDH's.,

A few bacteria other than streptococci have FDP-activated LDH's
and those which have been studied differ in a number of respects from
the streptococcal LDH's. Acholeplasmae laidlawii type A (Neimark and
Tung, 1973) L(+)-LDH has a kinetic response to FDP that is apparently

hyperbolic (but Hill plots were not shown) as opposed to the sigmoidal
response characteristic of streptococcal species. Low activity was
present in the absence of FDP at pH 6.0 to 7.2, but FDP was an
absolute requirement in the region of pH 8.0 and caused an alkaline
shift in the pH optimum. The KM for FDP was very low at 2.4 pM and

the pyruvate saturation curve in the absence of FDP displayed sigmoid
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Table 2.1.3

some properties of different streptococecal L(+)-LDH's

Streptococcus mutans S.lactis S.cremoris | S.faecalis
Strain NCTC 10449 | 21 -typical FA- SL— JR8-SM US3
Reference o 2 1, 2 1,2 1,2 1 3 L
M 0.5V oM FDP L.6 to 5.8| 4.6 to 5.8 0.05 mM L.6 to 5.8 0.038 0.005 0,045
Response to '“Lminus FDP labile labile N.D. labile stable . labile ‘stable
heat treatmentj plus FDP stable stable N.D. stable labile stable labile
Pyruvate saturation sigmoidal | sigmoidal | sigmoidal | hyperbolic N.D. hyperbolic | hyperbolie
Curve and ny } i o 7/ 2. to 2.81241 to 2.8114 to1.3 N.D. N.D. N.D.
S 0.5V or KM for pyruvate,
oM pyruvate 5.2 292 ke .51 BIE Ba 35 POME Ra 1 L N.D. w2 10
FDP affects - N.D. N.D. N.D. N.D.
KM for pyruvate, afrected affected affected
K.M for NADH not affected| affected affected
Vma.x affected affected not affected
N.D. - Not determined
Al]l kinetic data were determined in 100 mM phosphate buffer except the data for S. cremoris which
were determined in triethanolamine/HCl buffer.

Reference:

1 (Wittenberger et al., 1971);

3 (Jonas et al., 1972);

2 (Brown and Wittenberger, 1972);

4 (Wittenberger and Angelo, 1970).

*¢e’



kinetic behaviour. Inorganic phosphate was slightly inhibitory.

Also not reported for any streptococcal LDH's is the marked inhibition

of the A. laidlawii LDH activity by high concentrations of NADH. The
L(+)-LDH's from Bifidobacterium bifidus (dec Vries and_Stouthamér, 1968) and

Lectobacillus casei (de Vries et al., 1970) require Mn** in addition

to FDP for activation and thus differ from both streptococcal and
A. laidlawii FDP-activated L(+)-LDH's. However this Mn** requirement

is pH-dependent, at least for Lactobacillus casei, as Mn** is not

required at pH 5.5 but enhances affinity for FDP at pH values above
5.8 (Holland and Pritchard, 1975).

At the outset of the investigation on the S. lactis C,, L(+)-LDH,
the only intensive studies of' streptococcal L(+)-LDH's were those of
Wittenberger and Angelo (419$70) on the kinetic properties of S. faecalis
LDH and by Jago et al. (197) on the physiochemical properties on the
LDH of S. cremoris US3. So initially the aim of the present study was
to make a detailed investigation of the kinetic properties of the LDH
from S. lactis C1O' However with the publication of other data
(Jonas et al., 1972; Wittenberger et al., 1971; and Brown and
Wittenberger, 1972) which revealed differences between the streptococcal
L(+)-LDH's, the investigation of the S. lactis C1O IDH changed its
emphasis.

As the ultimate aim of studying the in vitro kinetic properties
of the S. lactis LDH was to relate the properties to possible in vivo
metabolic control, the ceutionary note of Srere (1967) is important.
Srere pointed out the potential hazards of extrapolation from obser-
vations in vitro on very dilute enzymes to conditions in vivo. The
differences reported for the in vitro kinetic properties from strepto-
coccal LDH's may be due to different in vitro assay procedures, but on
the other hand the differences may be, in part, or entirely, a valid
indication of the in vivo properties. If the latter is the case then
it would appear that there are significant differences in the in vivo
metabolic control between different streptococcal species. For example,
the thousand-fold difference in the FDP concentration required to give
half-maximum activity of LDII from different species, implies a very
large difference in the in vivo FDP concentration.

In view of the apparent differences in the in vitro properties

of the LDH's from different species of Streptococcus, an intensive




25.

study of the kinetic properties of the LDH from S. lactis C, . was

10
undertaken to help understand the significance of these differences

and their relationship to metabolic control. One of the main lines
of investigations was to study the effect of different assay conditions
on the values for the various kinetic parameters (especially FDP).

The buffer type, especially the effects of phosphate buffer, was
investigated in detail as Jonas ct al. (1972) showed that phosphate
did effect the FDP activation of the S. cremoris IDH. The effect

of phosphate was only investigated and reported by Jago ct al. (1971 ),
Jonas et al. (1972) and inders et al. (1970) to a limited extent.
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242 Materials and Methggg

2.2,1 Organism

Streptococcus ZLactis‘CJl was obtained from the Dairy Research

6]
Institute, Palmerston Norti: and was maintained at O to 4°C on 1.5%: agar

slopes containing 30 g Trypticase (BBL) and 1 g yeast extract per litre
of distilled water, subculturing at intervals of not more than one

month.

2.2¢2 Reagents

Substrates, coenzymes, substrate analogues and fructose-,
6~diphosphate were obtained from the Sigma Chemical Company with the
exception of sodium pyruvate which was obtained from Fluka (Buchs,
Switzerland).

Yeast extract and Tryptone were obtained from Difco Laboratories
and beef extract (Oxoid) from the Oxo Co. Ltd.

The DEAE-Protion used in the enzyme purification is an anion
exchange cellulose developed by Tasman Vaccine Laboratories Ltd.,

New Zealand. It differs from the conventional DEAE-Cellulose in
having a viscose regenerated celiulose base which enables a faster
flow rate to be obtained.

The rcagents, 3,31—diaminodipropylamine and 1 -cyclohexyl-3-
(2-morpho-linoethyl)-carbodiimid  metho-p-toluene rulphonate, used
for preparing the oxamate affinity chromatography resin were supplied
by the Chemical Procurement Laboratories Inc. and the sldrich Chemical
Company Inc., respectively. Bio-Gel &i-15 m, 100-200 mesh, supplied
by Bio-Rad Laboratories, California, U.S.i. was used as the agarose
support for affinity chromatography.

The reagents, nitro-blue tetrazolium and phenazine methosulphate,
used for activity staining of LDH activity were both supplied by the
Sigma Chemical Company.

Streptomycin sulphate was supplied by Glaxo Laboratories Ltd.,
Palmerston North.

The reagents used for polyacrylamide disc gelelectrophoresis were
as follows: N,N,Nij—tetramethylenediamine (TEMED) from Koch-Light
Laboratories Ltd.; Ammonium persulphate from B.D.H. (Anala R);
Acrylamide and N,N1—methylenebisacrylamide both from Bio-Rad Laboratories
(Electrophoresis grade).
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2.2.3 Lactate Dehydrogenase Assay

Lactate dehydrogenase activity was estimeied by measuring the
rate of NADH oxidation at 340 n.. The standard cssay mixture con-
tained in a total volume of 3 csn3 : 90 mM Tris/maleate/HC1l buffer,
pil 6.9; 0.167 mM NADH; 410 mM sodium pyruvate; 1 mh fructose— ,

6-diphosphate and 0.1 cm”

of diluted enzyme. The enzyme was
diluted in cold 0.005 M potassiwm 4 hydrogen phosphate/NaOH buffer
(phosphate buffer; pH 7.0. Routine assays during enzyme purifica-
tion were carried out at room temperature using a Unicam SP800
spectrophotometer. Kinetic studies were carried out at 2500 using
a Beckman ACTA-3 spectrophotometer.

An absorbance change of 1.0 unit per minute is used throughout
as the measure of enzyme aciivity unless otcherwise stated.* Vihere
comparison of V - wes made in a related series of kinetic studies
then the term, units/cmj, ref'crs to the absorbance change per minute
per cm3 of the stock purified LDH used in that series of determinations.
Although several different purificd preparat:oiis were used in the
course of the work, the specific activities were very similar.

The tetrasodium salt of FDP was used in all the assays reported.
However in one series of kinetic determinations the tetracyclohexylammon<-m

salt of FDP was used in the assays. The resvlis obtained, not reported,

were the same as if the tetrasodium salt of ¥FDD was used.

2.2.4 Protein Determination

Protein concentration was deterrinsd by “he method of Lowry et al.
(1951) using bovine serum albuwnin as the standard protein.

The method of estimating protein concenirai: ~n by extinction at
260 nm and 280 mm according to the procedure givca in Dawsor et al. (1969)
was used only for analysis of colwnn fractions to obtain an approximate

estimate of specific activity.

2.2.5 Preparation of Affinity Chromatography Resin

Biogel A—-15 M was activated by treatment with cyanogen bromide
(250 mg/cm3 packed resin) and subsequently reacted with 3,31-
diaminodipropylamine according to the proceduvie of Cuatrecasas (1970).
Only 20 cm3 of packed agarose resin was used for preparing affinity

resin at one time.
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The terminal amino group was then condensed with oxalate via an
amide bond to give an oxamate derivative by the following procedure.

Y of O.74 M oxalic acid was
3

To each 20 cm3 of packed resin, 14 cm
added and the pH adjusted to 4.7. Then 4 cm” of a solution containing
0.63 g of 1-cyclohexyl-3(2-morpho-linoethyl) carbodiimide metho-p-
toluene sulphonate was added dropwise over 5 minutes, stirring the
mixture continuously while the pH was maintained at 4.7. The mixture
was then stirred gently at room temperature for 24 hours and finally
washed with 5 litres of deionised distilled water. The resin was

then ready for equilibration in the appropriate buffer.

2.2.6 Polyacrylamide Disc Gel Electrophoresis

Polyacrylamide disc gels consisting of 7% acrylamide and 0.168%
N,N1—methy1ene bisacrylamide (Bis) pH 8.9 were used. The separating
gel formulation of Gabriel (1971) was used. The three 4100 i stock
solutions were prepared using deionised distilled water and stored in
the dark at 0°C. The stock solutions stored for up to one week, were
used for gel preparations and the gels were used within two days of
preparation.

5

The three stock solutions are (quantities given are per 100 cm

of solution):

(a) M{Cl 48 om

Tris 36.3 g
TEMED 0.23 cm3 : resulting pH 8.9

(b) Acrylamide 28 g
Bis: 0.735 g

(c) Ammonium persulphate O.14 g

Working solutions of 1 part {2), 1 part (b) and 2 parts (c)
were degassed separately in Thunberg tubes before mixing and adding
mixture into clean glass tubes (5 mm internal diameter and 75 mm in
length). Deionised distilled water was carefully layered on to the
top of the gel mixture and then the gels were left to polymerize.

No stacking gel was used, and the separating gels were pre-
electrophoresed in the appropriate buffer for 2 hours at 3 mA/gel
before using the gels for protein separation. The protein was
layered on to the top of the gel surface as a 1d% sucrose solution

and in a volume no greater than 50 pl. Protein separation was
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carried out at 2 mA per tube at room temperature until the bromo-
phenol blue marker band had migratced to the end of the gel. The
gels were removed from the glass tubes and the protein bands detected
by staining the gels in 0.05% Amido black in 7% acetic acid for 1 hour

and then destained overnight in 7% acetic acid.

2.247 Activity Staining of Gels for LDH Activity

The gels were stained to detect lactate oxidation as a means
of assigning LDH activity to the appropriate protein stain in the
following way. The gels were removed and washed in O.1M triethanol-
amine/HCl buffer pH 7.9 for 5 minutes beforc being immersed in the
activity staining mixture and placed in the dark at room temperature.
The activity staining mixture contained 20 mM NAD+; 166.7 mM DL
lactate; 2.5 mM FDP; 2.5 mg nitro-blue tetrazolium and 1 mg phenazine
methosulphate in 42 cm3 of 100 mM triethanolamine/HC1 buffer pH 7.9.
When sufficient staining had occurred, the gels were removes and washed
threc times in 7% acetic acid before being storcd in 7% acctic acid.

The gels were also stained to detect pyruvate reduction in the
following way. The gels were removed and washed in 0.4 M tris/maleate
buffer pH 6.9 for 5 minutcs before being immersed in the reactant
mixture end placed in the dark at room temperature. The reactant
mixture contained 2.5 mM NADH, 10 mM sodium pyruvate and 2.5 mil FDP
in 100 mM tris/maleate buffer pH 6.9. The gels were left in this
mixture for half an hour, before being removed and quickly washed
twice with distilled water. The washed gels were then added to a
staining mixture containing 5 mg nitro-blue tetrazolium and 2 mg
phenazine methosulphate in 8 cm3 of 100 mM triethanolamine/HCl buffer
pH 7.9. The stain was allowed to develop for 410 minutes in the dark
before the gels were removed and washed three times in 7% acetic acid
and then stored in 7% acetic acid solution in the dark. The rinsing
to remove surplus reactant mixture had to be carefully done, as other-
wise too much NADH was removed from the gel surface, which masked the
clear zone that indicated the presence of LDH. The presence of LDH
activity corresponded to the area of the gel where the NADH had been
oxidised so that no colour stain was produced when the staining
mixture was added to the washed gel. It was found that if washing
was continued for longer than one minute then the clear zone correspond-

ing to enzyme activity was less well defined.
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2,248 Sodium Dodecyl Sulphate Polyacrylamide Disc Gel Electrophoresis

Sodium dodecyl sulphate (SDS) polyacrylamide disc gel electro-
phoresis was carried out according to the general procedurc of Weber
and Osborn (1969) using 1 0% acrylanide gels. The modifications to
the general procedure are described in the following paragraph.

The protein standards and the purified S. lactis Q1O L(+)-LDH
were treated in the following way. The protein samples were made up
in 0,01 M sodium phosphatc buffer pH 7.0 containing 1% SDS and 3/
2-mercaptoethanol. The protein solutions were then placed in a boiling
water bath for 5 minutes, then cooled ana applied to the gel according
to the method of Weber and Osborn (1969). The gels were 14 cm long
and were contained in glass tubes 16 cm long, 5 mm inside diameter.
The gels were run at a constant current of 9 mA per gel for 8 hours.
After removal the gels were stained with Coomassie brilliant blue
> of 50% methanol and 46 cm
of glacial acetic acid) at 37°C for 123hours. The gels w;re then

placed in a destaining solution (75 cm” acetic acid, 50 cm
and 875 cm3 distilled water) at 37°C on a shaker. At least 24 hours

(1.25 g Coomassie brilliant blue in 454 cm 5

methanol

destaining was required befere protein bands were clear enough to be

measured.

2249 Thermal Stability of Lactate Dehydrogenase

A purified enzyme sample ccataining 2.5 mg protein/bmj was dilutcd
1/10 in the appropriate buffer which had been pre-incubated for 10
minutes at 5590. At appropriate time intervals 50 pl samples were
withdrawn and diluted with 200 pl 0.02 M phosphate buffer pH 7.0 at 0°c.
The diluted sample was assaycd using the standard assay conditions
within two minutes of being diluted. The various compounds tested for
their effect on stability were standardised to the pH of the buffer in
which the enzyme was to be incubated. The concentration of these com-
pounds carried over from the incubated enzyme samples into the subsequent
assay mixture was negligible compared with the concentrations present in
the assay mixture and consequently did not affect the determinations of
LDH activity.
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23 Purification of Lactate Dehydrogenase

2.3+.1 Growth and Harvest of Streptococcus lactis C10

Streptococcus lactis C, . was grown at 300C in a medium contain-

10
ing the following constituents per litre of distilled water:

tryptone 30 g; yeast extract 10 g; lactose 30 g; KHZPOI+ 5 g; and
beef extract 2 g (Jago et al., 197). The medium was sterilised by
autoclaving at 15 1b per in2 for 20 ninutes. Cultures were grown in
20 litres of medium in a New Brunswick 50 litre Fermacell fermentor.
The culture was stirred at an impellor speed of 4150 rpm, but no
additional aeration was provided. The pH was maintained between 6.0
and 6.5 by periodic addition of 2.5 M sodium hydroxide during fer-
mentation.

The cells were harvested near the end of the logarithmic phase
of growth by centrifugation at 5,500 g for 15 minutes at OOC. The
yield was 1.3 to 1.5 g wet weight of cells per 100 cm3 of medium if
grown as described. With no pH control the yield dropped to 0.6 g wet
3

weight of cells per 100 cm” of medium. The harvested cells were
washed three times in 0.005 M phosphate buffer pH 7.0 containing 1%
NaCl. The cells were then stored frozen until required. The cells
could be stored for a month with no resulting loss in L(+)—LDH

activity in the cell free extract. Cells stored up to a month were
used for preliminary work to establish a purification scheme. However,
for the final large-scale purifications, cells were only stored frozen

for up to two days before disrupting the cells for enzyme extraction.

2e5+2 Breakage of Cells

Cells were thawed and suspended in 0.005 M phosphate buffer pH
7.0 and disrupted by two passages through an Aminco French pressurc
cell at 5,500 1b per in.2. Unbroken cells and cell debris were
centrifuged down at 13,000 g for 15 minutes and the cell-free extract
was dialysed against the same phosphate buffer for 415 hours at AOC.

All subsequent purification steps were carried out at AOC.

2.3¢3 Streptomycin Sulphate Treatment

Nucleic acids were precipitated from the dialysed cell-free

extract by dropwise addition of streptomycin sulphate using 1 .75 cm3

of a 1% (w/v) solution for every 100 mg protein. The resulting
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suspension was allowed to stand for 4 hours and the precipitate was
removed by centrifugation at 13,000 g for 15 minutes.

Maximum nucleic acid precipitation (as determined by the 4280/
A260 ratio) was achieved when 150 mg streptomycin sulphate (1.5 cm3
of a 10% solution) was added per 100 mg protein. If more than 200 mg

streptomycin sulphate (2.0 om

of a 10/ solution) waes added per 100 mg
protein then the % recovery of LBH activity dropped rapidly with an

associated drop in specific activity.

2+35e4 Ammonium Sulphate Precipitation

The supernatant after streptomycin sulphate treatment was dialysed
against 0.005 M phosphate buffer pH 7.0 for 15 hours. Solid powdered
ammonium sulphate was then added slowly to bring the solution to 50
saturation. After leaving for half an hour, the precipitate was
removed by centrifugation at 13,000 g for 15 minutes. The concentration
of the ammonium sulphate in the supernatant was then increased to 65%
saturation. After threc hours the precipitate was collected by
centrifugation at 13,000 g for 15 minutes, redissolved in 300 cm3 0.025 M
citrate buffer pH 6.1 and then dialysed against the same citrate buffer

for 24 hours.

2.3.5 DEAE-Protion Ion Exchange Chromatography

&)_ Development of a suitalle Ton Exchanse purification procedury

Since the enzyme activity was precipitated in buffer solutions at
about pHE 5.0 it was decided to use a DEAE type ion exchange resin in
preference to a CM-type ion exchange resin,

A comparison betwcen DEAR-Cellulose (Whatran DE23) and DEAE-
Protion was made using two glass columns of identical dimensions and
packed with equal columns of the two resins. Tdentical conditions were
used for both types of resin gradient runs.

Figures 2.3%.5a and 2.3.5b show the differences in the protein
and LDH activity elution profile between the two types of DEAE resins.
The DEAE-Protion resin has a lower capacity for binding LDH as shown
by the early peak of activity which did not bind to the resin. The
main LDH activity peak on the DEAE-Protion resin was eluted earlier
on the gradient, compared to the single L(+)-LDH activity peak eluted
on the DEAE-Cellulose resin.



Figure 2.3.5: aand b
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PROTEIN (mg/cm3)

PROTEIN (mg/cm3)

R i
Figurea  DEAE PROTION
2.0 ” | 200
1
NaCl GRADIENT
E L - 0.6 M -
1.0 L 100
0.1 M
i #
0.0 0
L] L | L I L} Ll L} L
0 50 100
FRACTION NUMBER
Figure b DEAE CELLULOSE
[-]
2.0 _ | 400
NaCl GRADIENT
4 ~06M |
1.0 __// 3 | 200
- 01 M
_ : :
- H\,/ | |
I 1 T 1 T
0 50 100

FRACTION NUMBER
KEY: m, LDH ACTIVITY (units/cm3); @, PROTEIN (mg/cm3).

LDH ACTIVITY (units/cm3)

LDH ACTIVITY (units/cm3)



510--

Although the DEAE-Cellulose has a higher capacity it was decided
to try to develop a suitable purification step using DEAE-Protion for

the following reasons:

1. DEAE-Protion was a newly developed resin and its potential

for protein purification necded to be investigated.

2. The DEAE-Protion had a much better flow rate than DEAE-
Cellulose. In the run just described the flow rate was 0.8 cmB/minute
and was the maximum for the DEAE-Cellulose resin under the described
conditions. The DEAE-Protion, under the same conditions could have
been run at a flow rate up to 10 cmj/minute. Using 2 flow rate of
2 cmj/minute a similar elution profile to the gradient run using a flow
rate of 0.8 cmj/minute was obtained, but increases in the flow rate above
2 cmB/minute gave progressively less efficient separation. The faster
flow rate allowed quicker preparation, equilibration and washing of DEAE-
Protion resin compared to DEAE-Cellulose resin. This property is
particularly advantageous when large columns are being used and also
greatly reduces the packing problems which may be encountered by large
DEAE~Cellulose columns.

3. Though the binding capacity of DEAE-Protion resin is less
than that of DEAE-Cellulose, this can be easily compensated for by use of
largercolumns. The use of larger columns, although diluting the LDH
activity, did not lower the % recovery of activity and in fact gave a

better purification.

The tailing of the LDH activity peak, shown in the two figures
(2.3.5a, b) did not appear to be due to a different LDH. The fractions,
containing the tail of the activity peak were bulked, concentrated by
ultrafiltration, dialysed in initial buffer and then rerun on the same
column. The peak of activity was eluted in the same position on the
gradient as the major peak of the first column run and had a similar
tailing off, of activity.

Using DEAE-Protion different buffer gradients were investigated
using phosphate and citrate buffer, under various conditions of pH and
ionic strength. Gradients using tris/HCl or pyrophosphate buffers
could not be tried as the LDH was unstable in these buffers. An LDH
sample dialysed for 412 hours in 0.01 M tris/HC1l buffer pH 7.5 retained
only 10/ of its activity and in 0.01 M pyrophosphate buffer pH 8.0 only
25% of the activity remained after 12 hours of dialysis. In 0.0 M
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phosphate buffer (pH 6, 7 or 8) and citrate buffer (pH 6.0) activity
was stable, even during prolonged dielysis (48 hours) and storage in
diluted form (0.5 mg protein/cmj) for up to one week. Citrate buffer
was chosen in preference to phosphate since less tailing of' the

activity peak occurred in citrate.

From these trial gradients a stepwise elution of LDH from DEAE-
Protion, using citrate buffer, was developed to give a good yield of
fractions with high specific activity. The procedure finally adopted

was as follows.

b) DEAE-Protion Pwification of LDH

The redissolved precipitate from the 50-65% ammonium sulphate
fraction after dialysis against 0.025 M citrate buffer pH 6.1 for 24
hours, was applied to a DEAE-Protion column (40 cm x 6 cm) pre-
equilibrated with 0.025 M citrate buffer pH 6. The column was then
eluted, at a rate of 3 cmj/hinute, with the same buffer until the
absorbance of the eluate at 280 nm had dropped to zero. The LDH was
eluted, at thec same flow rate, with 0.05 M citrate buffer pH 6.1 and
all fractions containing the enzyme at a specific activity greater than
300 units/mg protein were bulked. Solid powdered ammonium sulphate
was added to bring the concentration of bulked fractions to 7Q% saturation.
The precipitate was centrifuged down, redissolved in 0.05 M phosphate

buffer pH 6.7 and dialysed against the same buffer for 24 hours.

2.3.,6 Chromatography on an "Oxamote Affinity Resin".

a) Devclopment of a suitable affinity chromatography procedure

0'Carra and Barry (1972) reported the use of affinity chromatography
on a resin to which an oxamate group had been attached for cheracterization
of pig heart lactate dehydrogenase (LDH), (HA)' LDH has a compulsory-
ordered reaction mechanism (Thomson et al., 1964; Silverstein and Boyer,
1964 and Fromm, 41963) in which the NADH coenzyme compulsorily binds
first. 0'Carra and Barry found that if NADH was included in the
eluant, LDH was strongly retained by the oxamate affinity resin, but
when NADH was omitted from the eluant, the LDH was eluted almost
immediately. Hence oxamate, a pyruvate analogue, will only bind to
LDH if NADH is bound first.
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A trial run using an oxamate affinity resin (prepared as
described in Section 2.2.5) to purify the S. lactis C, o LDH was
designed on the assumption that this enzyme also has a compulsory-
ordered mechanism and required Loth NADH and FDP for binding of
oxamate. The result of this trial run can be seen in Figure 2.3.6.
LDH did bind as shown by the initial high protein peak with no
associated LDH activity peak. Eluant B would have been expccted to
elute off the LDH as NADH was omitted and pyruvate¢ was present.
However the LDH remained bound and was eluted off subsequently with
eluant C, consisting of 0.2 M phosphate buffer pH 6.65.

Further trial runs confirmed that the LDH will bind to the resin
in the absence of NADH and FDP to give the same elution profile as
shown in Figure 2.3.6, The ionic strength of the first eluant
(&) could be increased to 0.4 M, removing further contaminant proteins
but leaving the L(+)-LDH bound. Subsequent elution with 0.15 M
phosphate buffer eluted a small peak of contaminant protein before
removing the LDH. Complete elution was achieved in 0.2 M phosphate
buffer.

Although the LDH binds to the oxamate resin in the absence of
FDP and NADH, kinetic studies of inhibition by oxamate, to be describc’
later, nave revealed a peculiar sn+gractien hotucon +his compound and
the LDH in phosphate buffer. The procedure described in the following
paragraphs which relies solely on increasing ionic strength of the
eluting buffer to remove the IDH, may not be a true affinity chromato-
graphy procedure dependent on specific binding of the LDH to oxamate
at its substrate binding site. However since it gave a very good
increase in specific activity the procedure was adopted in the final

purification.

b) "Oxamate affinity chromatography" purification

The dialysed sample (in 0.05 M phosphate buffer pH 6.7) from the
DEAE-Protion purification step, was applied to a 20 cm x 1 cm column of
oxamate affinity resin in a total volume of 410 cm3 containing not more
than 100 mg of protein or 60,000 units of LDH activity. The column was
pre-equilibrated with 0.05 M phosphate buffer pH 6.7 and was loaded with
the sample at a rate of 0.3 cmﬁ/minute. After loading, the column was
lef't standing for one hour before being eluted at a rate of 0.5 cmj/
minute with 0.1 M phosphate buffer pH 6.7. This step removed 2
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Figure 2.3.6

TRIAL “OXAMATE AFFINITY"” CHROMATOGRAPHY OF LDH
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Column Conditions: Column size — Length (10 cm); Diameter (1.0 cm). Pre-
equilibration of resin was in 0.05 M phosphate buffer pH 6.65, and just prior to applying
the sample, 20 cm3 of 0.005 M NADH and 0.01 M FDP in 0.05 M phosphate buffer pH
6.65 were eluted through the column. Sample Applied — Protein (10 mg/cm3) Activity
(6400 units/cm3); Volume (7 cm3); Buffer (0.05M phosphate buffer pH 6.5 containing
0.005M NADH + 0.01M FDP). Sample Application — After the sample was loaded on to
the resin at a flow rate of 0.1 cm3/minute the column was turned off for one hour.
Elution — three successive elutions were carried out at a flow rate of 0.3 cm3/minute.

Eluant A — Fractions 0.to 16 - 0.05 M phosphate buffer + 0.01 M FDP + 0.005 M NADH
pH 6.65.

Eluant B — Fractions 17 to 28 - 0.05 M phosphate buffer + 0.01 M FDP + 0.05 M Na
Pyruvate pH 6.65.

Eluant C — Fractions 29 to 48 - 0.2 M phosphate buffer pH 6.65.

Column Fractions (Volume = 1.5 cm3) were dialysed in 0.005 M phosphate buffer before
protein was determined by Folins and the LDH activity assayed.

KEY: m, LDH Activity (units/cm3); e, Protein (mg/cm3).
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considerable amount of contaminant protein while the LDH remained
bound to the resin. LDH activity was removed from the resin by

¥ of 0.2 M
phosphate buffer pH 6.7. High specific activity lactate dehydro-

successive elution with 20 cm5 of 0.15 M and 50 cm

genase fractions were pooled and concentrated by ultrafiltration.
The concentrated solution was finally dialysed against C.O1 M

phosphate buffer pH 7.0 and frozen in small volumes.

The above purification procedures (2.3.1 to 2.3.6b) purified
the 8. lactis C10 LDH, overall by 100-fold as is sumnarised in
Teble 2.3, The results in Table 2.3 represent the purification from
S. lactis C10 harvested from 20 litres of medium. The purification
procedures were carried out on five separate occasions and in each case
the purification scheme gave similar results to those outlined in
Table 2.3. The specific activity of the cell-free extract obtained in
each case was relatively constant and ranged from 23 to 27 units/mg
and the final purified sample had a specific activity ranging from
2,290 to 3,200 units/mg. Thus in each case the enzyme was purified
approximately 1 00-fold.

The major loss in activity was at the DEAE-Protion chromatography
step. However only up to 30% of this lost activity was unaccounted
for; the remaining activity was lost in discarding fractions of low

specific activity.



Summary of lactate dehydrogenase purification procedure

Table 2.3

- ——

Total activity Total protein Specific activity Purification Per cent
Treatment . ;
units mg unlts/mg factor recovery

Cell free extract 94 x 105 32,400 26 - -
Streptomycin sulphate
supernatant OB B 105 27,500 36 14 -
Ammonium sulphate
50-65% redissolved
. 8.0 x 10° 7,300 110 hG5 92
DEAE Protion bulked high
specific activity
fractions 3.9 x 105 650 600 23.2 49
"Oxamate Affinity"
chromatography 3.0 x10° 107 2,800 109.0 33

*6¢
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2.4  Properties of the Purified L(+)-Lactate Dehydrogensse

Unless specially mentioned all the work on the properties of
L(+)-LDH was carried out using the purified enzyme (specific activity
ranging from 2,290 to 3,200 units/mg). The frozen, purified, enzyme
could be stored for up to three months without any loss in activity.
After four months of storing frozen the enzyme had lost 5—1Q% of its
activity and on storage foi1' six months 20-30% of original activity was
lost. An LDH sample stored for six months had the sanie KM for
pyruvate and NADH and the same FDP requirement as the enzyme immediately
after purification. An LDII sample stored for two years had lost 6
of its activity although there was no change in the KM for pyruvate and
NADH or in FDP reguirement. However it did not show the co-operativity
in the binding of FDP which was characteristic of the enzyme stored
for less than six months. All properties of the purified LDH
described in the following sections (unless otherwise stated) were

derived from samples frozen for less than threc months.

2.4.1 Polyacrylamide Disc Gel Electrophoresis

Polyacrylamide disc gel electrophoresis was carried out on the
purified sample to determine the purity. Gels were run in several
different buffers, and at different buffer pH values and ionic strengths.
Under most conditions several protein bands were obtained and it has
proved difficult to establish with certainty how far all of the minor
bands represent modified forms of the enzyme or wheiher some arec
impurities.

When the gels were run in the tris/glycine buffer pH 8.3 as
described by Gabriel (1971 ) and stained for protein they showed three
major bands and two to three minor bands. Gels were stained to detect
enzynie activity eithcr in the direction of reduction of NAD by lactate
or the oxidation of NADH by pyiuvate as described in Section 2.2.7.
Yhen a gel was stained to detcct lactate oxidation an activity band
appeared corresponding to one of the three major bands but this band
took 24 hours to develop. Gels run in 0.1 M tris/maleate buffer or
O«.1 M phosphate buffer pH 8.0 end pH 7.0 gave a similar pattern of
protein staining (Figure 2.4.1agel 1). At pH 7.0 in both buffers the
lactate oxidation activity stain took from four to six hours to develop
and a second band of activity was distinguishable just above the main

bandaf activity (gel 2). If the stain was allowed to develop for a
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further four to six hours 2 third activity band appeared on top of the
second band. However by this stage the background stain was too
great to allow suitable photographs to be taken. A diffuse
indistinct activity band also occurred close to the top of the gel

not corresponding to any protein band. The pyruvate reduction
activity stain showed in most cases a broad activity band covering

the whole region of the three major protein bands. However when the
gels (run in either buffer at pH 7.0) were stained for pyruvate
reduction for shcrt times (two to four minuies) = siaining pettern was
obtained that showed thrce bands of activity which corresponded to the
three major protein stains. An unstained, diffuse zone was present
near the top of the gel corresponding to thc zone of lactate oxidation
activity. At this pH (7.0 or greater) no protein band was detectable
in this region. The contrast with the dark background stain in the
rest of the gel 3 is not sufficient to reproduce these bands very
clecarly in the gel photograph - a line drawing accompanying the photo-
graph (Figure 2.4.1b)shows the main features that would bc distinguished
in the gcls. The indistinct protein bands of gel 1 in Figure 2.4.12
were often obtained particulorly in tris buffers in comparison to the
distinct protein stain sucl: as that shown in gel 1 of Figure 2.4.1cC
which was characteristic of gels run in phosphate buffer.

At pH 6.0, in either 0.1 M tris/maleate or O.1 M phosphate
buffer, the protein and activity patterns were quite different from
those at pH 7.0 or above. There was one slow moving protein corres-
ponding to a band of high enzyme activity for both lactate oxidation
and pyruvate reduction. This is shown in Figure 2.4.1c where gels
1, 2 and 3 were run in O.1 M or 0.042 M tris/meleate buffer pH 6.0.
The pattern is the same if gels were run in 0.1 M r™nsphate buffer
pH 6.0. The lactate oxidation activity band took only five to ten
minutes to develop compared to four hours or longer for thec main band
in gels run at pH 7.0. However if the molarity of either tris/maleate
or phosphate buffer at pH 6.0 was dropped to a lower ionic strength
the protein and activity pattern changed. The gel, shown in TFigure
2.41d, was electrophoresed in 0.035 M tris/maleate buffer for the
same time as the gels in Figure 2.4.1c. The slow moving protein has
disappeared and is resolved into a broad protein band migrating

considerably faster and two to three minor bands. The major band
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does show activity on appropriate staining, but the activity stain
for the lactate oxidation takes longer to develop (two hours).

Figure 2.4.1e shows the effect of electrophoresis of' gels in
low molarity (0.025 M) phosphate buffer pH 6.0. The protein band
pattern of gel 1 is very similar to that obtained when gels are run
at pH 7.0 or pH 8.0 in either tris/malcate or phosphate buffers.

Gel 2 was run under the same ccnditions except that 15 pmoles of FDP
was addcd with the 50 pg of protein layered on top of the gel prior

to electrophoresis. In this case the bulk of the protein ran as a
single highly active slow moving band. However the change of protein
pattern with addition of FDP was not a specific effect of FDP since

if the same amount of Nazsoh or Fructose-6-Phosphate was added a
similar effect on the protein pattern was obtained (gel 7). Gels

3 and 4 are the respective pyruvate reduction activity stains of gels
1 and 2, both showing two zones of activity. In gel 3 the top
activity zone has no corresponding protein band in gel 1 and is
probably indicative of the high specific activity of the slow migrating
form. Gel 5 has FDP present during electrophoresis, but the pyruvate
reduction activity stain was developed without FDP being present in
the assay mixture. (Both gels 5 and 6 were left in the activity mixture
twice as long (one hour) before staining as gels 3 and L., The
resultant top activity band was much less noticeable and the lower
activity band was very faint and does not appear in the photograph.
Gel 6 had no FDP present during either running or development of
activity; no activity bands were detectable. The effect of FDP on
the activity stain development indicates that the activity being
detected is due to LDH. This was further supported by the fact that
if either substrate in the pyruvate reduction or lactate oxidation
activity stain was left out then the activity stains either did not
develop at all or developed at least four times as slowly compared to
when both substrates were present.

It is not possible to draw any definite conclusions concerning
the degree of purity of the enzyme from these studies. At pH 6.0
at appropriate ionic strength, a single band of protein and enzyme
activity is obtained, but in view of this very slow migration of
this band at this pH it may well consist of several unresolved

components. Increasing the pH in an attempt to increase the
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mobility of this band results in modification of the enzyme to a nuch
faster running form but with considerably reduced activity. The
multiple bands of protein and activity obtained at pH values of 7,0
and above probably represcnt different conformational and/or
dissociated states of the enzyme rather than major impurities.

The two fastest running bands obtcined at these pH values may
represent impurities since no activity bands corresponding to these
ever appeared.

Attempts to improve the resolution of the slow running active
form by using pH values intermediate between 6.0 and 7.0 or high ionic
strengths at pH 7.0 did not clarify the situation any further. For
example increasing the ionic strength to 0.25 M at pH 7.0 was tried.
In contrast to the gel run in O.1 M phosphate buffer where there are
2 number of medium migrating bands of protein and activity (gel 1,
Figure 2.4.1¢) gels run in 0.25 M phosphate pH 7.0 (Figure 2.4.1f)
showed one main protein stain and associated activity stain appearing
at the top of the gel. A gel run in 0.2 M tris/maleate buffer pH 7.0
did not give such a clear change compared to a gel run in O.1 M tris/
maleate buffer pH 7.0 as a broad protein stain migrating at an inter-

mediate speced was demonstrated as shown in Figure Z2.4.18.

2ol 1.1 Sodiun Dodecyl Sulphate Polyacrylamide Disc Gel Electrophoresis

Sodium dodecyl sulphate (SL3) polyacrylamide disc gel electro-
phoresis was carried out as a further means of determining the purity of
the S. lactis C

10
One major protein band and four ninor bands were obtained (Figure

LDH and to determine its subunit molecular weight.

2.+e141a).  The relative mobilities of the stonrdard proteins and LDH
were calculated by “%hie method of Weber and Osborn (1969). By plotting
the relative mobilities of the standard proteins against the log of
their molecular weight, a standard curve was obtained from which the
LDH molecular weight could be read off, knowing its relative mobility.
Such a standard curve is shown in Figure 2.4.1+1b where the points

for each of the standard proteins represent the average mobility of
four separate runs. The average value obtained for the major protein
for the S. lactis C10 LDH sanmple was 36,000 from 6 gel runs. The

range for the S. lactis Q1 LDH subunit molecular weight was from

0
34,000 to 37,000, This subunit molecular weight of 36,000 agrees

fairly well with the subunit molecular weight of 37,000 reported for



Polyacrylamide Disc Gel Electrophoresis

Figure a
The gels were run in 0.1 M tris/maleate
buffer pH 7.0. 40 pg of purified LDH
was added to each gel. Gels are

numbered from left to right.

Gel 1 Protein stain
Gel 2 Lactate oxidation activity stain
Gel 3 Pyruvate reduction activity stain

Figure 2.4.1: a, b and c

Figure b

Figure b shows a line drawing of
the gels that are shown in Figurg
a. Gel 2 in this drawing shows
a third activity band which
appeared after a further 4 to 6
hours.incubation in the reaction

mixture.

Figure c
The gels were run in 0.1M tris/maleate
buffer pH 6.0. 40 pg of purified LDH
was added to each gel. Gels are

numbered from left to right.

Gel 1 Protein stain
Gel 2 Pyruvate reduction activity stain
Gel 3 Lactate oxidation activity stain
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figure 2.4.1: d and e

Polyvacrylamide Disc Gel Electrophoresis

Figure d

The gel was run in 0.035 M tris/maleate buffer pH 6.0.

LO pg of purified LDH was added to the gel.

(1) is a protein stain.

The gel

Figure e
The gels were run in 0.025 M phosphate buffer pH 6.0. 50 ug
of purified LDH was added to each gel. In addition to the
protein added, gels 2, 3 and 5 had 15 pmoles of FDP present

with the protein sample. Gel 7 in addition to the protein,

had 15 pmoles of Na2804 added.

Gel 1 Protein stain

Gel 2 (FDP) Protein stain

Gel 3 (FDP) Pyruvate reduction activity stain
Gel 4 Pyruvate reduction activity stain
Gel 5 (FDP) Pyiuvate reduction activity stain
Gel 6 Pyruvate reduction activity stain
Gel 7 (NaZSOu) Protein stain.

Note: Gels 5 and 6 had no FDP present in the pyruvate

reduction activity mixture.
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Figure 2.4.1: f and g

Polyacrylamide Disc Gel Electrophoresis

Figure f
The gels were run in 0.25 M
phosphate buffer pH 7.0.
L0 pg of purified LDH was
added to each gel.

Gel 1 Protein stain

Gel 2 Pyruvate reduction

activity stain

Figure g
The gels were run in 0.2 M
tris/maleate buffer pH 7.0.
4O pg of purified LDH was
acded to each gel.

Gel 1 Pyruvate reduction

activity stain

Gel 2 Protein stain

Figure 2.4.1.1 a

SDS Polyacrylamide Disc Gel Electrophoresis

4O pg of the purified LDH, denatured in SDS,
was added to the gel shown. The gel was
run under the conditions as described by

Weber and Osborn (1969).
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Figure 2.4.1.1.b

SDS POLYACRYLAMIDE DISC GEL ELECTROPHORESIS: STANDARD CURVE
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RELATIVE MOBILITY

The standard curve shown was obtained by plotting the relative mobilities (calculated by
method of Weber and Osborn, 1969) of the standard proteins against log of their molecular
weight. The point for each standard protein represents the average relative mobilities from
four separate runs. The arrow indicates the average relative mobility of the S. lactis lactate
dehydrogenase (LDH) (major protein stain on gel in Figure 2.4.1.1a) and this position
corresponds to a molecular weight of 36,000. The standard proteins are: Bovine Serum
Albumin (Fluka); Glutamate Dehydrogenase (Type | Bovine liver, Sigma); Ovalbumiin
(Sigma); Aldolase ( Rabbit muscle, Sigma); Lactate Dehydrogenase (Rabbit muscle type |1,
Sigma); Carboxypeptidase A (Bovine pancreas, Sigma). The molecular weights of the
standard proteins were obtained from Weber and Osborn (1969). 20 g of each of the
standard proteins was used.
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the L(+)-LDH from S. cremoris US3 by Dynon et al. (1972). The
largest of the minor bands had a molecular weight of 70,000,
Although this could be a dimer of the 35,000 subunit, it was not
found by Dynon et al. (1972) and its persistence in the presence of
reducing agents during SDS denaturation treatment indicates that it
is more likely a contaminant protein.

From polyacrylamide disc gel electrophoresis, with and without
SDS, the purified enzyme is clearly not completely homogenous.
However the specific activity and the degree of purification of
the 8. lactis C1O L(+)-LDH is higher than that obtained by most previous
workers studying streptococcal LDH's. Jago et al. (1971 ) studied the

PSSO OSmI ER S properties of the IDH of S. cremoris US3 using a sample
Sﬁowing a single protein band on padyacrylamide disc gel electrophoresis.
This sample was purified 80-fold compared to 4100-fold purification for
the S. lactis C10 LDH. However when Jonas et al. (1972) studied the
kinetic properties of the LDH from S. cremoris US3, only a 10-fold
purified sample was used. Brown and Wittenberger (1972) studied

the LDH of S. mutans NCTC 10449 using a 437-fold purified preparation,
and Wittenberger and Angelo (1970) studied the S. faecalis LDH using

a 35-fold purified preparation.

2.4.2 Effect of pH on Activity of LDH

The effect of pH on lactate oxidation and pyruvate reduction, as

catalysed by the S. lactis Q1 LDH, was investigated in several different

buffers and in the presence agd absence of the activator, FDP. In
order to ensure that the changes in activity with pH were not a con-
sequence of enzyme inactivation over the assay period, the stability
of the diluted ensymec at 25°C wes examined at diffsrent pH values and
in two different buffers. In Figure 2.4.2a it can be seen that the
LDH becomes progressively unstable with increasing pH above 7.0 in
90 oM tris/maleate buffers. However, even at pH 8.5 (Figure 2.4.2b)
no appreciable loss in activity occurs until after five minutes of
incubation. Therefore changes in activity with pH described in this
section are not due to enzymc inactivation during assay as the assay
period was always less than threec minutes. In triethanolamine buffer
over its buffering range of pH 6.5 to 8.5 the enzyme showed the same
pattern of stability as shown for tris/maleate buffer in Figures
2.4,2 a and b, although it appeared to be slightly less stable in the

alkaline



Figure 2.4.2: aand b STABILITY OF LDH AT 25°C
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pH 8.0,A ; and pH 85,0 . Figure 2.4.2b shows the stability of diluted enzyme in 90
mM tris/maleate buffer pH 8.5 incubated at 25°C for shorter time intervals.

100% LDH activity is the activity of the sample prior to incubation at 25°C.
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The effect of pH on the rate of pyruvate reduction was examined
in 90 mM tris/maleate, triethanolamine/HCl, glycylglycine, imidazole
and phosphate buffers at O, 1 and 10 mM FDP under otherwise standard
assay conditions. The four buffers, tris/maleate, triethanolamine/HC1,
glycylglycine and imidazole, gave similar pH activity profiles. The
three activity profiles in triethanolamine/H%1 buffer inFigurc 2.4.2c
are very similar to the three curves of activity in tris/maleate
buffer in Figure 2.4.2d. In both buffers, the activity at 10 mM FDP
was only slightly higher than at 1 mM FDP and optimal activity occurred
at pH 6.9 to 7.0 when FDP was present. However in the absence of FDP,
the optimum pH shifted to pH 8.2 and the activity at this optimum pH
was 60-fold less than optimal activity in the presence of FDP. In
phosphate buffer (Figure 2...2¢) the pH profile with 10 ml FDP was
again very similar in shape to profiles in the other four buffers at
10 mM FDP, However with 1 mM FDP the activity was greatly reduced in
phosphate buffer, to about 1/40 of that using 10 mM FDP, and activity
was virtually undetectable in phosphate buffer in the absence of FDP.
The pH optimum for lactate oxidation was 8.0 to 8.2 for
triethanolamine/HCl, tris/maleate and phosphate buffers, with and
without FDP. TFigure 2.4.2 f and g shows the pH activity profile for
lactate oxidation in triethanolamine and phosphate buffer at O, 1 and
10 mM FDP. Tris/maleate buffer gave the same profiles as triethanolamine/
HC1 buffer. As was the case for pyruvate reduction, the rate of lactete
oxidation in triethanolamine/HCl buffer (Figure 2.4.2f) was only slightly
less in 1 mM FDP than in 10 mi FDP. In p..osphate buffer (Figure 2.4.2g)
the activity in 41 mM FDP was only 50% of that in 10 mM FDP. With no
FDP the rate of lactate oxidation in triethanolamine/HC1l buffer dropped
by half, while in phosphate buffer, at any pH valuc, there was no
detectable activity. )
The pH activity profile results obtained for the S. lactis Q1O
LDH are similar to those reported by Jonas gt al. (1972) for S. cremoris
US3, except that they obtaincd a much brosder pH optimum for pyruvate
reduction in the presence of FDP, extending from pH 7.5 down to pH 5.5,
before activity fell off. The full pH profile for the 8. cremoris US3
enzyme was only given for buffers containing phosphate (phosphate and
phosphate/citrate buffers), but in triethanolamine buffer the partial
pH activity profile for pyruvate reduction showed increasing activity

down to pH 6.0. Hence the major differcnce between the LDH from
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assayed in triethanolamine/HCI buffer (Figure f) and in phosphate buffer (Figure g). The
standard reaction mixture (total volume, 3 cm3) for lactate oxidation contained: 10 mM
NAD: 33.3 mM L(+)—lactate and 90 mM buffer at pH values as indicated in the Figures.
The three different FDP concentrations present in the reaction mixture were: a , no
FDP; @, 1 mM FDP; and o, 10 mM FDP.
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S. lactis C1 and S. cremoris was the acid pH optimum of the S. cremoris

0

enzyme and the neutral pH optimum of the S. lactis C

40 enzyme for

pyruvate reduction.

pH versus activity profiles for the S. faecalis (Wittenberger
and Angelo, 1970) and S. mutans (Brown and Wittenberger, 1972) LDH's
were not included in the published studies on these two enzymes.
However, from a study of thc effect of pH on the FDP saturation curve
it is clear that the LDH's from both these have a more acid pH optimum

than that from S. lactis Q1 Thus for the S. mutans LDH maximum

activity was greater at pH 2.5 than at 6.2 or 7.0 and for the S. faecalis
LDH it was greater at pH 5.8 than at 6.5, 7.0 or 7.5. For both species,
kinetic data were determined only in phosphate buffer (100 mM).

The kinetic studies reported in subsequent pages, were mostly
carried out using tris/maleate buffer and the effect of phosphate on
the acfivity of LDH was studied by comparison with activity in tris/
maleate buffer. The pH optimum studies reported showed that tris/
maleate and triethanolamine/HCl buffers at O, 1 and 10 mM had the same
effect on activity. However near the end of the experimental work on
the LDH, it was found that the activity in tris/maleate is different
from the activity in triethanolamine/HCl buffer when lower FDP con-
centrations are used. Thc differences in activity between tri-
ethanolamine/HCl and tris/malecte buffers will be reported with the
appropriate kinetic results from studies of activity in phosphate

and tris/maleate buffers.



2.i.3 Factors affecting the i'ructose-1,6-Diphosphate Activation of

S. lactis 01: L(+2:£EE

2444341 The effect of diffecrent buffers on FDP activation oﬁrL(+)-LDH

Large differences in M values (FDP requirement for half

maximum activity) for FDP actg;iiion of the LDH's from various strepto-
cocci have been reported, as mentioned in the Introduction (2.1.3). The
M 0.5V values range from 5.0 mM for S. mutans (Brown and Wittenberger,
1972), 0.045 mM for S. faecalis (Wittenberger and Angelo, 1970) and down
to approximately 0.005 mil for S. cremoris (Jonas et al., 1972).

The work described in the previous section, on the effect of pH,
showed that enzyme activity varied depending on the type of bufier used,
particularly at low FDP concentrations. The effect of the three buffers
(tris/maleate, triethanolamine/HCl and phosphate) on the M 0.5V values
for the S. lactis C1O LDH were determined at the pH optimum (6.9).

A plot of activity versus FDP concentration in tris/malcate buffer
(Figure 2.4.3.1a) shows that the LDH activity was a sigmoidal function
of FDP concentration. When the same data are plotted as a Hill plot
(Figure 2.&.3.1b) (where log V/vﬁax_v is plotted against log IDP
0.57 value (where v/Vmax—v =1) is 0.2 mM FDP.

. Hill plots of the data obtained in triethanolamine/iiC1 and phos-

concentration), the M

z?gatﬁ"buffer (using the same assay conditions as for tris/maleate), are
compared with those in tris/maleate (Figure 2.4.3.4¢). In phosphate
buffer the M value is 4.4 mM FDP, whereas in triethanolamine/HC1

0.5V
buffer the M value is 0.002 mM FDP, i.e. a two thousand-fold

difference. O&iﬁas et al. (1972) showed that in phosphate buffer, the

S. cremoris US3 LDH required a much higher concentration of FDP (10 mM)

to obtain a reaction velocity equivalent to that obtained with 1 mM

FDP in triethanolamine/HCl buffer. Though these workers did not study

the effect of the two buffers over a range of FDP concentrations, it is

evident that S. cremoris is at least qualitatively similar to 8. lactis C10

in terms of reletive activity in triethanolamine/HC1l and phosphate buffers.
Thus the chemical composition of the buffer markedly effects the

FDP activation of LDH in respect to the FDP concentration required for

half maximal activation. The Hill interaction coefficient (nH, i.e.

the slope of the Hill plot) is relatively constant in the three buffers,

being 2.1 in phosphate and tris/maleate buffers and 1.7 in

triethanolamine/HC1 buffer. This suggests that there are at least

two interacting FDP binding sites in all three buffers,
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The effect of varying FDP concentration on the is LDH activity was studied. The
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concentration was varied as shown in the Figures. Figure a is a plot of LDH activity
versus FDP concentration. Figure b is a Hill plot of the data from Figure a.
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Hilt plots (where log v/Vmax-v is plotted against log FDP concentration) are shown for the
FDP activation of LDH in three buffers: Triethanolamine/HCi buffer, @ ; tris/maleate
buffer,m ; Phosphate buffer, & . The reaction mixture contained in a total volume of
3cm3: 90 mM buffer, pH 6.9; 0.167 mM NADH; 10 mM pyruvate and 0.1 cm3 of
diluted enzyme. The FDP concentration was varied as shown in this Figure.
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2,4..3.2 The effect of NADH and Pyruvate on FDP activation of L(+)-LDH

The influence of changes of NADH and pyruvate concentrations on
FDP activation of LDH was investigated in 90 mM tris/maleate buffer
pH 6.9. Brown and Wittenberger (1972) showed that for the S. mutans
NCTC 1 Q449 LDH, the M 9.5V valuc for FDP decreased from 8.0 to 3.0 mM
as the pyruvate concentration was increased from 5.0 to 20.0 mM.
Pyruvate, did not, however, alter the Hill coefficient for FDP.

The results, sumnmarised in Table 2.4.3.2, were obtained by
measuring the activity at 12 different FDP concentrations for each
different NADH and pyruvate concentration combination and then plotting
the data as Hill plots. Changing the concentration of either substrate
had only a small effect on both the Hill coefficient (nH) aqd the M'O.SV
values. The oy value (ranging from 1.7 to 2.1) is similar to that
obtained by other workers for different strains of streptococci. A
difference is seen between é. mutans NCTC 10449 (Brown and Wittenberger,
1972) and 8. lactis C,
effccts the M 0.5V

on the value for the S. lactis C1O LDH

0 in that pyruvatc concentration significantly

value for thc 5. mutans enzyme but has little ceffect

2.4.3.,3 The effect of pH on FDP activation of L(+)-LDH

Hill plots of data obtained by varying FDP concentrations at three
different pH values in tris/malesate buffer arc shown in Figurec 2.4.3.3.
Compared to the response at the optimum pH of 6.9, decreasing the pH
to 5.9 has no significant effect on the interaction coefficient (2.1 to
M 0.5V value fram 0.2 mM to
0.5 mM FDP. At pH 8.0 on the other hand, the enzyme no longer showed

1.9), but did increase significantly the

a significant sigmoidal response to increasing FDP concentration

(nH =1.2) and the M 0.5V value was further decreased to 0.08 mM FDP.
These results differ considerably from the reported properties of

the LDH's from S. mutans NCTC 10449 (Brown and Wittenberger, 1972) and

S. faecalis (Wittenberger and Angelo, 1970). In both species, an

increase in pH increased the 1 value, e.g. for S. faecalis, which

1 0.5V
showed the smallest change, the M’o 5v

0.03 mM FDP and increased to 0.06 mM FDP at pH 7.5. For S. mutans the

value at pH 5.8 was approximately

M 0.5V value at pH 5.5 was approximately 3.6 mM FDP and increased to
16 mM FDP at pH 7.0. For both species the ny value was not affected
significantly by varying the pH.



Table 2.4.3.2

The_effcct of NADH and pyruvate on

FDP activation of LDH
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The activity at 12 different FDP concentrations, for cach different

NADH and pyruvate concentration combination, was measured in 90 mM tris/

maleate buffer pH 6.9.
reciprocal plots was used to calculate the data for the Hill plot.

The appropriate Vmax value obtained from double

The

M values (FDP concentration required for half maxinum activity) and

0.5V

the Hill interaction coefficient (nH) values for FDP were obtained from

the Hill plots (plot of log V/vﬁax-v versus log FDP concentration) at

different NADH and pyruvate concentrations.

NADH NADH NADH
0.05 mM 0.1 mM 04167 mi
i e 1900 units/cm’ 2550 units/cm3 2900 units/cm3
Pyruvate LN
158 1 ¥ 1.7
10 mM H
i 6. 5v 0.22 nM FDP 0.17 oM FDP 0.16 mM FDP
Pyruvate Pyruvate Pyruvate
0.5 mM 2.0 mM 10,0 mM
Voo 720 units/cm3 1830 units/cm3 2900 units/cm3
NADH
0467 M  UH 2.1 1.85 147
M 0.20 mM FDP 0.19 oM FDP 0.16 mM FDP
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Figure 2.4.3.3
THE EFFECT OF pH ON FDP ACTIVATION OF LDH
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Hill plots (log v/Vmax-v versus log FDP concentration) of data obtained by varying FDP
concentration at three different pH values in tris/maleate buffer are shown. Vmax values
were obtained from double reciprocal plots. The standard assay conditions were: 90 mM
tris/maleate buffer; 10 mM pyruvate; 0.167 mM NADH and the FDP concentration was
varied as shown in the figure. The three pH values are: A, pH 80; o, pH 69, m,

pH 5.9.
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Because the results obtained in the present study on the effect
of pH on the M 0.5V values for FDP were at variance with those of
other workers, the effect of pH was examined in phosphate bufi'er and
triethanolamine/HC1 buffer. The results of the e¢ffect of pH on the

M 0.5V values and the n, values obtained in the two buffers are
tabulated in Table 2.4.3.3, along with the results obtained in tris/
maleatc buffer (Hill plots for tris/maleate buffer shown in Figure
2.443.3).

The results obtained, in triethanolamine/HiCl buffer, on the
effect of pH on FDP activation were different from those results in
tris/maleate buffer. The results were, however, consistent with the
S. mutans and S. faecalis findings in that an increase from pH 6.4 to
M 0.5V value (0.0013 to 0.09 mM FDP).

The only major difference was at pH 8.0, where the Hill interaction -

8.0 gave an increase in the

coefficient for FDP was 1.0 over the entire FDP concentration range

In phosphate buffer, a third distinctive pattern of response to
varying pH was obtained in that varying the pH from 5.65 - 8.00 had
no significant effect on either the n, or the M 0.5V value. This
result was unexpected since phosphate buffer was used in the studies on
both the S. faecalis and S. rmutans LDH's. The interacting effects of
buffer ion type, pH and FDP concentration are clearly very complex and
require more intensive study to resolve the mechanisms.

It is difficult to make a close quantitative comparison between
the data obtained in the present study on the S. lactis C10 LDH and
that of Jonas gt al. (1972) for the LDH of 8. cremoris US3. These
workers used triethanolamine/HC1l buffer and did study the effect of pH

on the FDP requirement, but do not give or n. values. However,

M o.5v

from the V versus FDP plots it is quite evident that the M 0.5V

value does increase as the pH increcases from 6.0 to 8.0. This trend
is similar to the pH effect in triethanolamine/HC1 buffer on the FDP

activation of S. lactis Q1 LDH.

0




The standard assay conditioas are:
and 0.167 md NADH.

Table 2.4.3.3

The effect of pH and buffer components

on FDP activation of LDH

61.

90 mi buffer, 10 mM pyruvate
For each pH and buffer type the activity was

measured at twelve appropriate FDP concentrations and the data were

then plotted as a double reciprocal plot to obtain the Vmax value.

The V
max

value obtained was used in plotting the respective iill plot.

Appropriate FDP concentrations were chosen for each pH and buffer type

to give at least eight usable points to plot the respective Hill plot.
The values tabulated below for tris/maleate buffer at the three pi

values are obtained from the IIill plots shown in Figure 2.4.3.3a.

pH

0.5V

pH

M o.5v

Tris/maleate buffer

5.9 6.9
0.5 mM FDP 0.2 mM FDP
1.9 25

Triethanolamine/HC1 buffer

6ely 6.9
0.0013 mM FDP 0.0022 mM FDP
1.7 17

Fhosphate_LKHzfp# NaOH) buffer
5.65 6.9
5.0 mM FDP 4.4 oM FDP
2.3 241

8.0
0.08 mM FDP

1.2

8.0
0.09 mM FDP

1.0

8.0
5.4 mM FDP

2.1
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2.l Effect of Varying Pyruvate and NADH on Enzyme Activity

2.....1 Determinations of lichaclis constants for pyravate and NADH
for §. lactis 040 L(+)—LDH in tris/malcate buffer.

A concentration of 0.5 1l FDP was selected for determinations of
the Michaeclis constants (Kﬁ) for MADH and pyruvate in 90 1aM tris/maleate
buffer, pH 6.9. Lineweaver-Burlt double reciprocal plots, with NADH
as the variable substrate and at 8 different pyruvate concentrations
are shown in Figure 2.4.4.12 and with pyruvate as the variable substrate
at 6 different NADH concentrations in Figure 2.4.4.1c. Both plots
give a family of intersecting lines, indicating that the reaction
mechanism is, as expected, sequential and not ping-pong. The point
of intersection was on, or very close to, the 1/(substrate concentration)
axis in both plots. The KM for NADH was 0.08 mM, and the KM for
pyruvate was [ oM.

Secondary plots (Figures 2.4.4.1b and d), obtained by plotting the
Y intercepts of the previous two graphs (reciprocal of Vﬁax) against the
reciprocal of the respective substrate concentrations, gave KM values for
pyruvate of mmM and for NADH of 0.08 mM. These KM values are in good
agreement with the values obtained in the primary plots and are in
reasonably good agrecment with the KM values obtained via similar 2°
plots by Jonas et al. (1972) for S. cremoris US3 LDH, namely 1.15 mM
for pyruvate and 0.Q44 mM for NADH at pH 6.0 (triethanolemine/HC1
buffer) using 1.5 oM FDP.

The double reciprocal plots for both pyruvatc and NADH (Figures
2.4.44 a and c) are quite lincar over the range of concentrations used
and if the data are plotted as Hill plots, no co-operative interaction
is evident for either substrate as the Hill interaction coefficient is
1.0. There is thus no evidence of thc non linearity of activity with
respect to varying pyruvate concentration as is found with the L(+)-LDH's
of certain strains of S. mutans (Brown and Wittenberger, 1972).

Figure 2.4 .4.1e shows that pyruvate will inhibit at concentrations
greater than 20 mM in otherwise standard assay conditions. Although
this inhibition effect has not been observed for other streptococcal
LDH's it is consistent with the effect of high pyruvate concentrations
on mammalian LDH's. However a significant difference exists between
the pyruvate inhibition of the H type mammalian LDH and that of the

L

S. lactis C10 LDH in terms of possible in vivo control. For H}+ LDH
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Figure 2.4.4.1: 3, b,cand d

Km VALUES FOR PYRUVATE AND NADH
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The reaction mixture contained (in a total volume of 3 cm3): 90 mM tris/maleate buffer
pH 69; 05 mM FDP and 01 cm3 of diluted enzyme. The NADH concentrations were
varied as shown in Figure a, at 8 different py i Figure a (Li

Burk plot) is a plot of the reciprocal of the LDH activity versus the reciprocal of the
NADH concentration. Figure b is a secondary plot of the data in Figure a where the rec-
iprocal of the Vmax values (determined from Figure a) are plotted against the reciprocal

of the 8

ations.

Figure c is a plot ofr ;ha reciprocal of the LDH activity versus the reciprocal of the pyruvate
NADH i

at'ion at six

Figure d is a sacondary plot of the

data in Figure ¢ where the reciprocal of the Vmax values (determined from Figure c) are

plotted against the

I of the 6 ive NADH
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The pyruvate concentration was varied as shown in the above figure, where LDH activity
is plotted against pyruvate concentration. The standard assay conditions were: 90 mM
tris/maleate buffer pH 6.9, 0.167 mM NADH and 1.0 mM FDP.
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(Kaplan et al., 1968), pyruvate inhibits at concentrations greater
than 1.0 mM whereas the pyruvate only inhibits the S. lactis LDH at

pyruvate concentrations twenty times higher.

2.4.4.2 Determinations of lMichaelis constants for pyruvate and NADH

in different buffers

Kinetic data obtained by varying pyruvete and NADE in tricthanolamine/
HC1 buffer are shown in Table 2.4.4.2 along with the data obtained at the
same time using tris/maleate buffer. The KM values for NADH and pyruvate
determined in triethanolamine/HC1l buffer at 1 mM FDP were the same as
the KM values determined in tris/maleate buffer under identical conditions.
Reducing the FDP to an unsaturating concentration for the two buffers,
i.e. to 0.001 mM FDP for triethanolamine/HCl buffer and 0.1 mM FDP for

decreased the Vﬁax values, compared to those obtained atf';b 'i?fw}i:yh;;»\;w‘
of FDP. There appeared to be no sigmoid response to either substrate in
triethanolamine/HC1 buffer, as is the case also in tris/maleate buffer
(Section 2.4.4.1).

The results, obtained from varying pyruvate in 90 mM phosphate
buffer, at threc FDP concentrations, are shown in Figure 2.4.4.2s8 and
Table 2.4.4.2. The highest concentration of FDP used, €.67 mli, was some-
what higher than the M 0.5V value in phosphate buffer (4., mM FDP). The
KM for pyruvate at 6.67 m}M FDP was 5.70 mM compared to a value of 2.0 to
2.5 mM pyruvate for a comparable FDP concentration in tris/maleate buffer
(see following Table 2.4.5a). With decreasing FDP concentration, the KM
for pyruvate was increased and the V_ _ decreased, showing the same trend
as found in triethanoclamine/IIC1 and t;is/baleate buffers.

However when NADH was varied in phosphate buffer, the activity
showed a sigmoidal response to increasing NADH concentrotions as shown
in Figure 2.4.4.2b. The same data are plotted as a Hill plot in
Figure 2.4.4.2c from which a Hill interaction coefficient (nH) of 1.7

0.5v) °f
Oe¢14 mM were obtained. A sigmoidal response to NADH has not been

and a NADH concentration giving half maximum velocity (NADH

reported in any other streptococcal LDH and did not occur in S. lactis
010 LDH assayed in tris/maleate and triethanolamine buffers.

This sigmoidal response of reaction velocity to NADH concentration,
for S. lactis LDH was reproducible. The effect of NADH in phosphate
buffer was tried on two separate LDH preparations and carried out in
triplicate for each preparation, and in each case the response was the

same as shown in Figure 2.4.4.2b and c.
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Table 2.4.4.2
Influence of buffer composition on

Km_and v values for pyruvate and NADH
-] max

The Kﬁ and Vﬁax values for pyruvate and NADH under different assay
conditions, were determined from Lineweaver-Burk plots. The different
assay conditions refer to the buffer type and the different I'DP con-
centrations as shown in the first two columns of the table. For all
assays, 90 mM buffer pH 6.9 was used. For the assays where the pyruvate
concentration was varied a constant concentration of 0.167 miM NADH was
used and where the NADH concentration was varied a constant concentration
of 10 mM pyruvate was used. The tabulated results for varying pyruvate
concentrations in phosphate buffer at three different FDP concentrations

were obtained from the plots shown in Figure 2.2.4.2a.

Varying Pyruvate concentration

. FDP concentration for Pyruvate V_ units/cm3
Buffer typé (k) KM (mM) max
Triethanolamine/HC1 1.0 1425 500.0
Triethanolamine/HC1 0.00 1.70 340.0
Tris/maleate 1.0 1.25 500.0
Tris/maleate 0.1 3.30 220.0
Phosphate 6.67 5.70 560.0
Phosphate 3433 11 .40 400.0
Phosphate 1.33 4 40 200.0

Varying NADH concentration

KM for NADH

o (mM)
Triethanolamine/HCl 1.0 0.07 670.0
Triethanolamine/HCl 0.00 0.20 10,0
Tris/maleate 1.0 0.07 670.0

Tris/maleate 0.1 0.14 290.0
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Figure 2.4.4.2: a, band c

EFFECT OF PHOSPHATE BUFFER ON PYRUVATE AND NADH BINDING

Figure a Pyruvate Binding
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In Figure a the pyruvate binding in phosphate buffer is studied at three FOP concentrat-

ions: @, 6.67 mM FDP; g, 3.33 mM FDP;

A, 1.33 mM FDP. The reaction mixture
contained in a total volume of 3 cm3: 90 mM phosphate buffer pH 6.9; 0.167 mM

NADH and 0.1 cm3 of diluted enzyme. The pyruvate concentrations are varied as shown
in Figure a, where the reciprocal of the LDH activity is plotted against the reciprocal of

the pyruvate concentration, for each different FDP concentration.

Figure c NADH Binding
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Figure b NADH Binding Hill piot
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In Figures b and c the sigmoidal binding of NADH to the S. lactis LDH is shown. Figure

b is a plot of LDH activity versus NADH concentration. Figure c is a Hill plot of the
same data in Figure b. The reaction mixture contained in a total volume of 3 cm3:
mM phosphate buffer pH 6.9; 10 mM pyruvate; 10 mM FDP and 0.1 cm3 of diluted

90

enzyme. The NADH concentrations are varied as shown in Figures b and c. The Vmax
A il

value used for calculating the Hill plot values was by extr

Burk plots to the /v axis.

0.2



68.

2.4..5 The Effect of Fructose— ,6-Diphosphate on Kinetic Parameters

In the previous section (2.@.&) it was shown that when the FDP
concentration was varied, a lowering of FDP concentration increased KM
and lowcred Vmax for both subst:ates in all three buffer used. This
apparent effect of FDP on the kinetic parameters was different from
the results obtained by somc¢ other workers. Wittenberger and Angelo
(1970) showed for S. faecalis that lowering the ¥FDP concentration
increased significantly the apparent KM for both pyruvate and NADH
without affecting Vmax' Brown and Wittenberger (41972) found that
lowering of the FDP concentration did not change the KM for NADH but
did lower the Vmax for the IDH of S. mutans NCTC 10449. Therefore a
more intensive investigation on the effect of FDP on the kinetic para-

was carried out in 90 mM tris/maleate

meters of LDH from S. lactis Q1O

buffer pH 6.9.

The Kf.for pyruvate and thx were determined from Lineweaver-Burk

double reciprocal plots at four different FDP concentrations. Two sets
of determinations were made, each at a different NADH concentration.

The results are shown in Table 2.4.5a. Table 2.4.5b summarizes the
effect of FDP on NADH binding from & similar set of determinations.

Decreasing the FDP concentration increased the KM for both pyruvate
and NADE and substantially decrcased the Vmax' The effect of varying
FDP on the KM for NADH was virtually identical at the two pyruvate con-
centrations used. Howecver the KM for pyruvate increased fror 4.9 to
10 mM at a low FDP concentration (0.05 mM) when thc NADH concentration
was decreased from 0.167 1l to 0.083 mM.

Although Jonas et ~1. (1972) demonstrated & similar effect of FDP
in triethanolamine/HC1l buffer on the kinetic parameters of the S. cremoris
LDH, their comparison was niade between activ’'Sy determinations at pH
6.0 in the presence of 1.5 mM FDP and at pH 8.0 in the absence of FDP.
Since high pH values may lead to a dissociation or conformational change
of the enzyme (Jago et al., 1971 ) and consequently, perhaps, to a
different mechanism, the change in kinetic parameters at pH 8.0 might
not necessarily have been due to the absence of FDP. The results
obtained for the S. lactis C10 LDH are quite different from those
obtained by Wittenberger and Angelo (1970), for S. faecalis where
Vﬁax was unaffected by FDP and only the Kﬁ for NADH and pyruvate was
altered by varying the FDP concentration. The converse was reported

by Brown and Wittentorgc: {4972) for the S. mutans enzyme, where the
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KM for NADH was unaffected and only Vﬁax was altered by variation of
FDP concentrations. The S. mutans LDH showed a sigmoidal response to
varying pyruvate concentration and decreasing FDP concentrations
increased the S 0.5V value for pyruvate. Although this work on the
S. mutans and S. faecalis LDH's was carried out in 100 mM phosphate
buffer, the trend of the cffect of FDP on the kinetic parameters for
the S. lactis C1o
results in Section 2.4.4.5).

LDH appeared to be the seme in all three buffers (see

There is thus an unresolved difference between the conclusions fron
the present study on the effect of FDP on kinetic parameters and thosec
of Wittenberger's group on the LDH's from S. mutans and S. faecalis.
The contrast with the S. faecalis enzyme is particularly striking where
FDP concentration had no effect on vﬁax since in the enzyme from the
other three species (§. lactis C

10’
10449) .studied Vﬁax was markedly increased by increasing FDP concen-

S. cremoris US3 and S. mutans NCT'C

tration.
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Table 2.4.5a

Effect of FDP on pyruvate binding

The effect of different FDF concentrations on pyruvate binding
was studied at two different FADI concentrations.

for each combination of FDP and NADH concentration, the pyruvate
concentration was varied and the activity was plotted against pyruvate
concentration as a Lineweaver-Burk plot (double reciprocal plots).
90 mhitris/maleate buffer pH 6.9 was present in all assays and the FDP

and NADH concentrations were as indicated in the table.

NADH -., ST o

@i 0.167 oM
FDP concentration (mM) K, Pyruvate (mM) Ve units/cm3
d .0 1.4 2840
©r5 1.6 2000
(O 2. 388
0.05 L.9 182
NADH concentration = 0.083 mM
FDP concentration (mM) Ky Pyruvate (mM) Vo units/cm3

0.1 3.6 182

0.05 10.0 136



Table 2.4.5b
Effect of FDP on NADH binding

The effect of different FDP concentrations on NADH binding was
studied at two diffeerent pyruvate concentrations.

For each combination of FDP and pyruvate concentration, the NADH
concentration was varied and the activity was plotted against NADH con-
centration as a Lineweaver-Burk plot. 90 mM tris/maleate buffer
pH 6.9 was present in all assays ana the FDP and pyruvate concentrations

were as indicated in the table.

Pyruvate concentration = 10 mM

FDP concentration (mM) K,; NADH (mM) - (units/cmB)
40.0 0.05 4000
1.0 0.07 3640
0.5 0.07 3100
0.1 0.10 625
0.05 014 365

Pyruvate concentration = 1 mM

FDP concentration (mM) K, NADH (M) /- (units/cm3)
10.0 0.05 2500
1.0 0.06 2300
0.5 0.07 1940
0.1 0.10 263

0.05 04 i 2
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2.4.6 lactate Oxidation by S. lactis 010 L(+)-LDH.

The only work previously done on lactate oxidation by strepto-
coccal LDH's is by Jonas et al. (4972) who studied the LDH from
S. cremoris US3. These workers only studied the lactate oxidation
in respect to pH optimum in triethanolamine/HCl and sodium phosphate
buffer at three different FDP concentrations. The kinetics of lactate
oxidation were studied to asscss the potential significance of this

reaction under ig vivo conditions.

2446.1 Determinations of Kyuyalues for L(+)-Lactate and Ng2+

The S. lactis C1 LDE appcared to be specific for L(+)-lactate

as no activity was fougd in the prcsence of D(-)-lactate. A small
amount of activity was found a2t high D(—)—lactate concentrations

(50 to 200 mM), but this activity could be entirely accounted for by
the amount of contaminating L(+)—1actate stated to be present by the
supplier of the D(-)-lactate (Sigma Chemical Company).

Michaelis constants for ﬁ(+)—lactate and for NAD' were determined
in 90 mM triethanolamine/HC1l buffer pH 7.9 in the presence and absence
of FDP, Unlike pyruvate reduction, lactate oxidation has the same pH
optimum with and without FDP (see Section 2.4.2).

Figure 2.4.6.1a shows that the K, for NAD* is independent of
L(+)-lactate concentration in the absence of FDP, as a family of inter-
secting lines is obtained, intersecting on the X axis to give a Kﬁ of’
8.0 mM NAD*  When the Vmax values obtained from the Y intercepts of the
plots in Figures 2.4.6.1a were plotted as a 2° plot (plot of 1/Vﬁax
versus 1/mM L(+)~lactate), a straight line was obtained as shown in
Figure 2.4.6.1b. The K, for L(+)-lactate from this 2° plot could not
be determined as the intercept of the plot was near the origin of the
axes. The KM for L(+)-lactate was estimated from a V versus S plot to
be approximately 500 mM or greater, and at such high concentrations of
L(+)-lactate, some inhibition probably occurs due to high ionic strength.

Data obtained in the presence of 1 mM FDP are shown in IFigures
2.4.6.1 c and e« The two families of plots intersect on the X axis
showing that the KM values for NAD® and L(+)-lactate are both
independent of the concentration of the other substrate. The respective
e plots, shown in Figures 2.4.6.1 d and f give KM values of 430 mM
L(+)-lactate and 2.8 mM naD* respectively. (The KM values obtained
from the 1o plots are 120 L 10 mM L(+)-lactate and.%ﬁ?j i 0.2 nM NAD+.)




Figure 2.4.6.1: aand b Kpy VALUES FOR L (4) - LACTATE AND NAD*

Figure a NAD?* Binding
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The KM values for NAD* and L (4) -lactate for S. lactis LDH are determined in the
absence of FDP. The reaction mixture contained (in a total volume of 3 cm3) : 90 mM
triethanolamine/HCI buffer pH 7.9 and 0.1 cm3 of diluted enzyme. The NAD™ concent-
rations are varied as shown in Figure a at seven different L (+) -lactate concentrations.
Figure a (Lineweaver-Burk plot) is a plot of the reciprocal of the LDH activity versus the
reciprocal of NAD' concentration. Figure b is a secondary plot of the data in Figure a,
where the reciprocal of the Vmax values (determined from Figure a) are plotted against
the reciprocal of the seven respective L (4) -lactate concentrations.
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The Kpm values for NAD* and L (+) - lactate for S, lactis LDH were determined in the
presence of FDP. The reaction mixture contained in a total volume of 3 cm3: 90 mM
triethanolamine/HCI butfer, pH 7.9; 1 mM FDP and 0.1 cm3 of diluted enzyme. The
NAD* concentrations were varied as shown in Figure c st four different L (+) - lactate

ions. Figure c (Li Burk plot) is a plot of the reciprocal of the LDH
activity versus the recip of NAD* i Figure d is a secondary plot of
the data in Figure c, where the reciprocsl of the Vmay values (determined from Figure c)
are plotted against the reciprocal of the four respective L (+) - lackate concentrations.

Figure @ Lactate Binding
NAD* mM
1.0
Figure f NAD* Binding
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The KM values for NAD* and L (4) - lactate for_S, Iacta L DH are determined in the
presence of FDP. The reaction mixture contained in the total volume of 3 cm3 : 90
mM triethanolamine/HCI buffer, pH 7.9; 1 mM FDP and 0.1 cm3 of diluted enzyme.
The L {4) - lactste concentrations are varied as shown in Figure e at four different NAD*
i Figure e ( Li -Burk plot) is a plot of the reciprocal of the LDH

activity versus the reciprocal of L (4) - lactste concesmurstion. Figure f is a secondary plot
of the data in Figure e, where the reciprocsl of the Vmax values (determined from Figure
@) sre plotted against the reciprocal of the four r ive NAD* i
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The effect of FDP on the kinetic parameters for lactate and
NAD® is similar to the effect of FDP on pyruvate reduction, as in
both reaction directions, the presence of FDP (or an increase of FDP
concentration) increased the affinity for the respective substrates
and increased Vﬁax'

The KM values for NADYand L(+)-lactate in the presence of FDP,
are very high compared to the KM values for pyruvate and NADH at the
same level of FDP. Thus thev_ ; for NAD* isﬁ times greater than that

_for NADH (KM%M NaDT, K. = BB - NWDH) while the K, for lactate is
P8 times that for pyruvate (K'M = 130 uM L(+)-lactate, K, :H ol
pyruvate). Considering this difforgnce and the fact that lactate

oxidation has a pH optimunm ofiFiniu ' it is unlikely that the

w

T

S. lactis Q10 LDH catalyses lactate oxidation at any appreciable rate

in vivo.

2.4.6.2 The effect of phosphate on lactate oxidation

In view of the fact that lactate oxidation is probably not a

significant function of the L(+)-LDH of S. lactis in vivo an extensive

comparison of the kinetic behaviour in different buffers has not becn
nade. However, the effect of phosphate buffer (KHQPOM/NaOH) was
briefly investigated.

Figure 2.4.6.2 shows the effect of increasing phosphate on lactate
oxidation activity at 10 mM, 1 mM and no FDP. Phosphate clearly
inhibits activity in the directicn of lactate oxidation. FDP is shov :
to protect against phosphate inhibition as without FDP & concentration
of 25 mM KH.PO, gave 506 inhibition whereas in 10 mM FDP, 145 ml

2",
KH2P04 is required to give 5% inhibition.
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Figure 2.4.6.2 INHIBITION OF LACTATE OXIDATION BY PHOSPHATE
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Phosphate inhibition of lactate oxidation was studied in 90 mM triethanolamine/HCI
buffer pH 7.9 at constant conditions of 10 mM NAD* and 33.3 mM (L+) - lactate and
at phosphate concentrations as shown in the above figure, where LDH activity is plotted
against phosphate concentration. The phosphate (as KH2 PO4) was adjusted to pH 7.9
with triethanolamine. The phosphate concentration was varied under three different con-
ditions: a,0.0 mM FDP; e, 1 mM FDP; and m, 10 mM FDP. Na2SO4 replaced
phosphate at: A, 0.0 mM FDP; and 0O, 10 mM FDP.
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24le7 Stopped-flow Analysis of Initial Reaction Rate

It was observed, in the course of determinations of steady state
kinetic parameters, that when thec reaction was started by addition of
enzyme, as was the standard practice, a lag period often occurred
before the steady rate of NADH oxidation was attained. This lag
period was more pronounced at low FDP concentrations; no lag period
was observed at saturating, or near saturating concentrations of FDP.

If the enzyme was pre-incubated with low FDP conc.n%:iralions thcn there

w:s no lag period evident when the reaction was initiated with the

missing substrate. If this lag period is due to a conformational change
in the LDH, upon binding of the FDP to give a more active form of the
enzyne, then a lag should still be observed at a saturating concentration
of FDP when the reaction was started by addition of enzyme. Failure to
observe such a lag at saturating FDP concentrations using the ordinary
spectrophotometric assay proccdure was _6 I'”_ yt due to the very short
duration of the lag period under such condi%i&hé. The initial reaction -
rate wes therefore observed by use of a stoppcd-flow apparatus.

Experiments were carried out using a Durrum-Gibson D110 stopped-
flow spectrophotometer (Durram Instruments Corp., Palto Alto, California,
U.S.A.) and a Hewlett-Packard model 141B storage oscilloscope. Reacticns
at 2500 were followed by measuring absorbance at 340 nm and oseillos~:_.
traces were photographed on 35 mm film.

The data from the oscillosuope traces (Figur.s 2.4.7 = t9°1) wewo
not used to obtain a quantitative measure of the lag period or of the
steady state reaction rate. An optical cell with an 18 mm path length
was used and when the cell was calibrated with known concentrations of
NADH or potassium dichromate, the absorbance at high concentrations
was considerably lower than the expected valve. At the concentrations
of NADH used to saturate the enzyme in the stopped-flow experiments,
the absorbance was in the region where the relationship between con-
centration and absorbence was not linear.  According to Cook and
Jankow (1972) such a non-linear relationship could be due to stray
light error which increases as a function of concentration. Cavalieri
and Sable (1974), and Eyzaguirre (1974) have shown how stray light
interference can lead to seriously erroneous interpretation of kinetic
data obtained by spectrophotomctric procedurcs in solutions of high
absorbance. Therefore quantitative data obtained from stopped-flow

experiments, at the high concentrations of NADH used, would be
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invalidated by stray light errors. However, as different patterns of
traces were observed, depending on the combination of the mixturcs
incubated in the two syringes, qualitative comparison of the traces can
be made without being invalidated by stray light e:iror.

Both curves 1 and 2 in photograph A show & distinct lag pcriod
before a constant rate of oxidation of NADH was observed. In this
experiment the LDH was pleced in one syringe and the substrates (NADH
and pyruvate) and FDP in the other syringe prior to mixing. Thus the
reaction was started by addition of enzyme to the other components as
in the steady state kinetic.studies. Photograph B shows that the same
lag period was observed when cnzyme and NADH were in one syringc and
pyruvate and FDP in the other syringe prior to mixing. The same trace
was obtained if pyruvate and enzyme were in one syringe and NADHI and FDP
were in the other syringe. Pliotographs C and D (note that the
oscilloscope is set on different time and absorbance scales in D),
obtained by incubation of FDP and enzyme in one syringe before nixing
with the substrates in the othcer syringe, show that no distinct lag
phase occurred before a constant ratc of oxidation of NADH was observed
(compare photographs A and B). Hence pre-incubation of FDP with enzyme
abolishes the lag period.

The traces shown in photographs E to G were obtained at pH 8.2
instead of pH 6.9 (photographs 4 to D) and with a 10-fold increase in
the enzyme concentration. The trace shown in photograph E was
obtained when FDP was pre-incubated with enzyme before mixing with the
substrates whereas photograph I shows the trace obtained when the
enzyme was not pre-incubated with FDP before mixing. The rates
observed in these two cases were very similar, and furthermore, both
traces showed no significant lag period. The lark of a lag period,
when the enzyme was not pre-incubated with FDP at pH 8.2 (photograph F)
is in marked contrast to the result at pH 6.9 when a distinct lag period
was obtained (photographs A and B). The trace shown in photograph G
was obtained in the absence of FDP in either syringe. The rate
observed without FDP appearcd to be only slightly less than that
observed with FDP present in the complete assay mixture. This con-
trasts to the situation at pli 6.9,-where if FDP was absent from the
assay mixture no reaction was observed using the stopped-flow apparatus.
Photograph H is included to show that the reaction rate at pH 8.2,
when studied using the same enzyme concentration as used at pH 6.9

(photographs & to D), is comparably much slower. Therefore the
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relationship between reaction rate and pH in the presence and absence
of FDP, as studied by the stopped-flow apparatus is the same as that
studied by the ordinary spectrophotometric assay procedurc (see Section
2.4.2).

The demonstration that the lag period could be eliminated by pre-
incubation of the enzyme with its activator, FDP, at pH 6.9, was
similar to the findings of Tarmy and Kaplan (19€8b) studying the
kinetics of Escherichia coli B D(-)-LDH. This enzyme is activated

by its substrate pyruvate (no activation by Z2). Thay found, usirg
a stopped-flow procedure that the lag period was eliminated only when
the enzyme and pyruvate were pre-incubated together.

The lag period did not appear to vary as enzyme concentration was
changed from 1.5 p.g/cm3 to 15 ug/cm3. This was taken as evidence that
the lag period was possibly due to a conformationel change of the
enzyme rather than a change in the state of aggregation of subunits.

A lag period due to the time required for aggregation would be expected
to be less with a higher enzyme concentration. However, for reasons
stated earlier, conclusions based on detailed quantitative comparison o:
the lag period can cnly be tentative.

The traces shown in photographs A to H were reproducible in
all trials carried out using the different incubation combinotions.

At least six trials were donc using cach type of incubation and all
trials, when repeated in a scparate experiment two months later, showed

the same traces.



Figure 2.4.7a

Stopped-flow analysis of initial reaction rate

Photographs A, ‘B, C and D show oscilloscope traces from stopped-flow
analysis of the initial reaction rate of oxidation of NADH by LDH under
various conditions. The Y axis represents absorbance at 340 nm
(absorbance units/division) and the X axis represents time (seconds/
division). Contents of syringe A and syringe B were preincubated
separately at 2500 for at least ten minutes before stopped-flow mixing
occurred and the initial reaction rate was photographed from the
oscilloscope trace. The final concentrations of substrate and modifier
in the assay mixture are 8 mi pyruvate, 4 mM FDP and 0.2 mM NADH
buffered in 100 mM tris/maleate buffer pH 6.9. The purified LDH was
present in the reaction mixture at a final concentration of 1.5 U8

3

protein/cm” .

Syringe A Syringe B Y| EEgils X axis

Photo A

curve 1 |[Enzyme Pyruvate ,FDP,HADH{1 AU"/division |0.5 sec/division
curve 2j|Enzyme Pyruvate ,FDP,NADH!{1 AU/division {1 .0 sec/division
curve 3 Trace of absorbance after reaction completed.
Photo B

curve 1 {Enzyme,NADH|Pyruvate,FDP 4 AU/division [0.5 sec/division
curve 2 Trace of absorbance aifter reaction completed.
Photo C i{Enzyme,FDP {Pyruvate,[ADH %1 LU/division 0.5 sec/division
Photo D 1Enzyme,FDP [Pyruvate,NADH io.z AU/divisioal 20 i: sec/diviston

* AU = absorbance units
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Figure 2.L4.7b
Stopped-flow analysis of initial reaction rate

Conditions as for photographs A to D (Figure 2.4.7a) exéept that
the reaction mixture was in 100 mM tris/maleate buffer pH 8.2. The
purified LDH was present in the reaction mixture at a final concentra-
tion of 15 pg protein/cm3 for photographs E, F and G and 1.5 pug protein/
cm3 for photograph H.

 Syringe A Syringe B Y axis X axis
Photo E |Enzyme,FDP | NADH,Pyruvate 1 AU/division| 0.2 sec/division-
L
&
Photo @ |Inzyme ! NADH,Pyruvate,FDP{4 AU/division| 0.2 sec/division
Photo G
| .
curve 1 |Enzyme ENADH,RyruvatG 1 AU/division| 0.2 sec/division
curve 2 Trace of absortance after reaction completed.
Photo H |Enzyme MNADH,Pyruvate,FDP 41 AU/divisioni 0.5 sec/division
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2.4.8 Effect of Inhibitors

The effects of inhibitors on streptococecal LDH activity have not
been extensively studied. Brown and Wittenberger (1972) studied the
affects of the pyruvate anclogues “-ketobutyrate and oxr.mate on the
S. mutans NCTC 10449 LDH, (which shows a sigmoidal response to pyruvate),
They found that ~ -ketobutyrate stimulated LDH activity at limiting
pyruvate concentrations and shifted the pyruvate saturation curve fromn
sigmoidal to hyperbolic. Oxamate, on the otheir 2nnd, inhibited the
enyzme activity at all pyruvate concentrations ard did not «.ffect the
sigmoidal nature of the pyruvate saturation curve. They also found
that ATP was a potent inhibitor and ADP was almost as effective in
inhibiting LDH activity. Jonas et al. (1972) showed that ATP
inhibition of the S. cremoris LDH activity was competitive with respect
to NADH.

A more detailed study on the effects of inhibitors on S. lactis
C1O L(+)-LDH was carried out to provide & further basis for comparison
with other streptococcal LDH's. Also some of the inhibitors such as

ATP could be of significance in the in vivo regulation of LDH.

2elpa8e1  Inhibition with pyruvate as the varied substrate

The pyruvate analogues, oxamate, -ketoglutarate, .« ketomclonzte
and #-ketobutyrate were first tested under standard assay conditions fo:»
their ability to act as alternative substrates to pyruvate for NATH
oxidation. Only --ketobuiyrate served as a substrate (Figure 2.4.8.1&)
with a KM value of 18.7 mM, which is over {ten times higher then that fo:r
pyruvate (4.4 mM). The v (JOO unﬂts/cmB) ob%ained with
~>~ketobutyrate was fou: times lower than that for pyruvate (2000 unlta/um ).
The inhik*%im: of pyruvate reduction vas erzir’=:d at szeveral
different inhibior ccncentrations and under standard conditions of
90 mM tris/maleate buffer, pH 6.9, 1 mM FDP and 0.167 mM NADH. The

products of pyruvate reduction, NAD' and L(+)—1actat¢, were also tested

for their ability to act as 1nh1b1tors.fj;'-;.; €
L(+)-lactate (at concentrations of 33.33, 66.67 and 1OO mM) was

detectable. A1l other compounds tested showed some degree of in-

N8| inhibition by

hibition. The results for the other inhibitors are summarized in
Figures 2.4.8.1 b, ¢, d and e.

NAD' showed non-cormnetitire inhibition with respect to pyruvate
with a K value of 2.1 mM (Figure 2.4.8.1b). .- -ketamalonate
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inhibition was also non-competitive but with a higher KI value of

9.5 mM (Figure 2.4.8.1d). <X -ketoglutarate (Figure 2.4.8.1c)

showed competitive inhibition with respect to pyruvate with a KI value
of 3.0 mM. Oxamate (Figure 2.4.8.1¢) wes also & competitive inhibitor
of pyrugate reduction, with a KI value of 0.65 mM, which is about half
of the KM value for pyruvate {1 I o). The enzyme thus shows a very

high affinity for oxamate.

244e8.2 Inhibition with NADH as the varied substrate

The adenine mono, di and trinucleotides may pley a part in
regulation of LDH as discussed in the introduction (2.1.2). Therefore
ATP, ADP and AMP inhibition were studied in tris/maleate buffer pH 6.9,
10 mM pyruvate and G.5 mM IDP by varying the NADH concentration, np*
inhibition was also studicd under the same conditions. The results are
summarized in Figures 2..4.3.2 a2, b, ¢ and d. ATP and ADP were both
competitive with respect to MADH and had the same KI value of 2.4 mM
(Figures 2.4.8.2a and b), AMP (Figure 2.4.8.2c) at concentrations of
10 and 20 mM showed an unusual effect. Although inhibiting over the
range of MADH concentrations used, the Lineweaver-Burk plots apparently
extrapolated (if a straight line fit is assumed) to give a V .y con-
siderably higher than in the absence of AMP. Figure 2.4.8.2d shows
that NaD' is a competitive inhibitor of NADH oxidation with a KI value
of 2.0 mM.

2.4.8.3 Inhibition of pyruvate reduction by phosphate

As mentioned in results in earlier sections, phosphate buffer
effects the FDP requirement and the binding of NADH and pyruvate when
compared to the same parcmeters determined in tris/mnleate and triethan-
olamine/HC1 buffer. Therefore phosphate inhibition of oyruvute reducticn
wes studied in 90 mM tris/maleate buffer pH 6.9 at constant conditions of
10 mM pyruvate, 0.167 mid NADH and 1.0 mM FDP, by varying the phosphate
concentration. Figure 2.4.8.3a is a plot of percentage of activity vercus
phosphate concentration and shows the sigmoidal nature of phosphate
inhibition. A control in which Na2804 of equivalent concentration
replaced phosphate shows that inhibition by phosphate could not be
accounted for by high ionic concentration.

Figure 2.4.8.3b shows the same data plotted in the form of a

Hill plot and gives a I value (phosphate concentration giving

O.5V
5% inhibition) of 50 mM. The Hill interaction coefficient value
(nH) of minus 2.5 indicates that a high degree of interaction is

occurring between phosphate hinding sites. From the effect of
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Figure 2.4.8.1: a,b,candd

INHIBITIDN WITH PYRUVATE AS THE VARIED SUBSTRATE AND o—KETDBUTYRATE AS A SUBSTRATE

Figure a a-Ketobutyrate as a Substrate
0.008
- Kpm = 18.7 mM o ketobutyrate
0.004 =
-
0.0
I | | | | I
0 0.4 08 1.2
1/ o -Ketobutyrate (mM-1)
Figure a is a double reciproaal plot of LDH mmtv versus o ketobutyrate concentrat-
ion. The reaction mixture 90 mM tr buﬁar pH 69; 1 mM FDP;
0.167 mM NADH; 0.1 cm3 of diluted yme and o & ations as
indicated in Figure a.
Figureb NAD™ Inhibition
0.004 ~
= K| = 2.1 mM NAD*
0.002 —
0.0
I 1 I | I I
0 0.4 08 12

1/Pyruvate (mM-1)

Figure b shows the inhibition effect of NAD* on pyruvats binding. The reciprocal of
LDH activity is plotted against the reciprocal of pyruvate concantrasion for each NAD*
concantration: @, 0.0 mM NAD*; @, 1.0 mM NAD*, a, 2.0 mM NAD*; O, 5.0

mM NAD*. The reaction mixture contained: 90 mM tris/maleate buffer pH 6.0; 1 mM
FDP; 0.167 mM NADH; 0.1 cm3 of diluted enzyme and pyruvate concentrations as
indicated in Figure b.

1/v (units/em3)-1

/v (units/em3)-1

Figure ¢ o -Ketoglutarate Inhibition
0,004
- K| =3.0 mM aketoglutarate
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L} 1 1 1 I I I
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F ure c shows the i effect of a-k binding. The
nuproal of LDH ectivity is plotud mms( tfn reciprocal of wmvnn concentration for
each ( a-kg) ,00mM o kg; ®, 5mM a-kg; a,
10 mM a-kg. The reaction mixture mnuln‘d 90 mM tris/maleate buffer pH 6.9; 1
mM FDP; 0.187 mM NADH; 0.1 cm3 of diluted enzyme and pyruvate concentrations as
indicated in Figure c.
Figure d a-Ketomalonate Inhibition
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—
0.002 —
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Figure d shows the inhibition effect of a-ketomalonate on pyruvate binding. The recip-

rocal of LDH activity is plotted against the reciprocal of pyruvate concentration for each
o 4 ( akm) QOOmMukm ®. 10 mM a km; A.

20 mM akm. The i i 90 mM tris/ buffer pH 69'

mM FDP; 0.167 mM NADH; 0.1 cm3 of diluted enzyme and py

as indicated in Figure d.

ation:
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Figure 2.4.8.1 e

INHIBITION WITH PYRUVATE AS THE VARIED SUBSTRATE

1V (units/cm3)'1 x 103

1/PYRUVATE (mM-1)

K; = 0.65 mM Oxamate

In the above figure inhibition of pyruvate reduction by different oxamate concentrations
is shown as double reciprocal plots (1/v versus 1/pyruvate concentration). The standard
assay conditions are: 90 mM tris/maleate buffer pH 6.9, 1.0 mM and 0.167 mM NADH.
The pyruvate concentrations were varied as shown in the figure. The oxamate concentrat-
ions present are: o, 10 MM, m, 5.0 mM; 4, 1.0 mM; and 0.0 mM oxamate; O,
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Figure 2.4.8.2: a, b, c and d

INHIBITION WITH NADH AS THE VARIED SUBSTRATE

Figure a ATP INHIBITION Figure ¢ AMP INHIBITION
5
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Figureb  ADP INHIBITION Figure d NAD* INHIBITION
+
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T T T ] Y T T
0 10 20 30 0 10 20 30
1/NADH (mM-1) 1/NADH (mM-1)
K; = 2.4 mM ADP K} = 2.0 mM NAD*

The inhibitors of S. lactis LDH (ATP, ADP, AMP and NAD*) were studied with NADH as
the varied substrate and the kinetic data obtained are plotted as double reciprocal plots
shown in Figures a, b, c and d. The reaction mixture for Figures a, b, ¢ and d contained:
80 mM tris/maleate buffer pH 6.9; 1 mM FDP; 10 mM Pyruvate; 0.1 cm3 of diluted

yme, and NADH ations as indi in the Figures. The inhibitor concentrat-
ions present in the reaction mixture are shown in the respective Figures.




Figure 2.4.8.3: aand b
INHIBITION OF PYRUVATE REDUCTION BY PHOSPHATE

100 3.0
] Figure b Hill Plot
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Phosphate inhibition of pyruvate reduction was studied in 90 mM tris/maleate buffer pH o ®
6.9 at constant conditions of 10 mM pyruvate, 0.167 mM NADH, 1.0 mM FDP and at =i
phosphate concentrations as shown in the above figures. The phosphate (as KH2 PO4) =
was adjusted to pH 6.9 with the tris/maleate buffer components. Figure a is a plot of 0.04 m| 1
% LDH activity versus phosphate concentration, where 100% LDH activity is the activity ' U U !
found in the absence of phosphate. Figure b is a Hill plot of the data of Figure a, where 20 100 300

log v/Vmax-v is plotted against log phosphate concentration.

mM PHOSPHATE
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phosphate on lactate oxidation (2.4..6.2) it might be expected that

increasing the amount of FDP would increase the value and this

I o.sv
is supported from the pH optimum studies (Z2.4.2) where activity in
90 mM phosphate buffer at 10 mi FDP was the same as activity in 90 m™

tris/maleate buffer at 1 mM FDP.

2.4.8.4 Effect of oxamate in phosphate buffer

Prior to the development of the affinity chromatography procedure
in which oxamate was used as an LDH binding grow, ~xonate was tested
for inhibition of L(+)-LDH in phosphate buffer pH 6.9. Assays were
carried out in 90 mM phosphate buffer pH 6.9, with 5.0 mM FDP. In
Figure 2.4.8.4a it can be seen that at low pyruvate concentrations the
activity is considerably higher with 1 mM oxamate present, than without
oxamate. Increasing the phosphate concentration to 180 mM in the assays
further increased the activation by oxamate at low pyruvate concentrations
as shown in Figure 2.4.8.4b. Even at 5 and 10 mM oxamate in 480 mM
phosphate there is activation at low pyruvate concentrations. A double
reciprocal plot of data from Figure 2.4.8.4b as shown in Figure 2.4.8.4c
shows that oxamate increases the apparent affinity for pyruvate (Kﬁ =
5.7 mM pyruvate in the absence of oxamate, KM =1.0 mM pyruvate in the
presence of 1.0 mM oxanmate).

The peculiar effects of oxamate in phosphate buffer are differcn?
from the effects of oxamate in tris/maleate buffer. In tris/maleatc
buffer oxamate was a simple corpetitive inhibitor with a high at'fini.y
for the enzyme (KI value of 0.65 mM oxamate). 1lie mode of action of
oxamate activation in phosphate buffer is uncleaxr. It is possible that
oxamate is binding at a site, other than the pyruvate catalytic site,
which is made available when phosphate is prcscn’, and activating the
enzyme in perhaps an allosteric way, similar to L.2. Brown and
Wittenberger (1972) showed for $. mutans NCTC 10449, that the LDH had
at least two pyruvate binding sites. The presence of the two pyruvate
sites was supported by the differential effect of the two pyruvate
analogues, “~ketobutyrate and oxamate. Oxamate inhibited enzyme
activity at all pyruvate concentrations, while “-ketobutyrate stimuletcd
enzyme activity at limiting pyruvate concentrations. This work was done
in phosphate buffer. The effect of -~-ketobutyrate on the S. mutans
enzyme is thus similar to the effect of oxamate on the S. lactis C10 LDH.
However there is no evidence for a second pyruvate binding site on the
S. lactis LDH (see Section 2.4.,4) comparable to that found in the
S. mutans NCTC 10449 enzyme.
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Figure 24.8.4: a, band c

PYRUVATE BINDING: EFFECT OF OXAMATE IN PHOSPHATE BUFFER

Figure b 180 mM Phosphate
Figure a 90 mM Phosphate
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The effect of oxamate on pyruvate binding was studied at two phosphate buffer concen-
trations. In Figure a the hate buffer ation was 90 mM. In Figure b 180
mM phosphate buffer was present in the reaction mixture. The reaction mixture con-
tained (in a total volume of 3 cm3): phosphate buffer pH 6.9; 5.0 mM FOP; 0.167
mM NADH and 0.1 cm3 of diluted enzyme. The pyruvate concentration was varied as
shown in she Figures. Both Figures a and b are piots of LDH activity versus pyruvate
ation at different i @®. no ®m. 1 mM Oxamate;
4,5 mM Oxamate; O, 10 mM Oxamate.

Figure ¢ Double Reciprocal Plot 180 mM Phosphate.
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Figure c shows double reciprocal plots of the data from Figure b. From extrapotation of
the plots: the KM for pyruvate in the absence of Oxamate (@ ) is 5.7 mM pyruvate; in
the presence of 1 mM Oxamate (M ), the apparant Kpm = 1.0 mM pyruvate; and in the
presence of 5.0 mM Oxamate { a ), the apparant KM = 2.4 mM pyruvate.
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2e4¢9 Factors Affecting the Stability of the S. lactis CﬁO LDH at 55°C.

Major differences have beecn reported in thermal stability between
the LDH's from different streptococcal species. Wittenberger and
Angelo (1970) showed that FDP increased the rate of inactivation of the
LDH from S. faecalis while the LDH's from S. cremoris (Jonas et al.,
1972) end S. nutans (Brown and Wittenberger, 1972) are protected by FDP
against heat inactivation. The effect of various factors on the
lability of the S. lactis C1O
the nethod described in Section 2.2.9.

LDH was therefore ciudied at 55OC using

Figure 2.4.9a shows the effect of differing ionic strengths of
tris/maleate and phosphate buffer on stability of LDH at pH 7.0 At
0.1 M, phosphate buffer stabilizes the LDH more effectively than the
same concentration of tris/maleate buffer, but the converse occurs at ‘
0.05 M and 0.02 M. In both buffers a decrease in molarity decreases
the stability of L(+)-LDH.

The effect of pH on stability of LDH in O.1 M tris/malcate and in
0O+1 M phosphate buffer is shown in Figure 2.4 .9b. In both buffers,
increasing the pH decreases the stability of the LDH to heat inactivation.
Up to pH 7.0, the enzyme is more stable in phosphate buffer, but at
pH 7.5 the enzyme is more stable in tris/maleate than in phosphate buffer.

Jonas et al. (1972) showed that the S. cremoris LDH, like the
S. lactis enzyme, was more heat stable in phosphate buffer and that the
higher the molarity of phosphate buffer the more stable thec enzyue.
However phosphate buffer wes more effective than triethanolamine/HC1
buffer in stabilizing the enzync over the whole pH range and not just at
pH values less than 7.0 as is found for the S. lactis Q1O LDH.

Figure 2.4.9c shows the effect of FDP in stabilizing the LDH in
0.1 M tris/maleate and O.1 M phosphate buffer pH 7.5. FDP appears to
stabilize the LDH to a greater extent in tris/maleate buffer than in
phosphate buffer. However, as the LDH is more unstable in phosphate
buffer than in tris/maleate buffer at this pH in the absence of FDP
(Figure 2.4.9c), then the rclative degree of stabilization provided by
FDP is really similar in the two buffers.

Figure 2.4.9d shows the effects of FDP, NADH and oxamate on
stability of L(+)-LDH in O.1 M tris/maleate buffer pH 8.0. FDP with
oxamate or with NADH stabilizes the LDH to a slightly greater extent
than does FDP alone. NADH plus oxamate stabilizes the enzyme to a

greater extent than either substance alone but much less effectively
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Figure 2.4.9: a, b, c and d.
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FACTORS AFFECTING THE STABILITY OF LDH AT 55°C

The effects of ionic strength, pH, FDP, NADH and oxamate on LDH stability at 55°C, as
shown in Figures a, b, ¢ and d were studied in two buffers, using the method described

in Section 2.2.9.
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Figure e Effect of FDP, NADH, Pyruvate and Oxamate on

LDH stability in 0.1M phosphate buffer pH 7.5. Treatments are:
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Figure 2.4.9: e and f
FACTORS AFFECTING THE STABILITY OF THE LDH AT 55°C

The effects of NADH, oxamate, pyruvate, and FDP on LDH stability at 55°C, as shown
in Figures e and f were studied in two buffers, using the method described in Section 2.2.9.
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than FDP. Either NADH or oxamate by itself provides only a slight
stabilization relative to a control of buffer alone.

A comparison made of the effect of additives on the stability
properties of the LDH in phosphate and in tris/maleate buffer using a
pH of 7.5 (Figures 2.4.9 e and f) revealed somc significant differences
between the two buffer systems. In tris/maleate buffer, NADH plus
oxamate, oxamate alone or FDP all had a similar effect in that they all
signifiicantly stabilized LDH. In phosphate buffer, NADH plus oxamate
stabilized the L(+)-LDH completely while oxamaic alove stabilizes the LDH
to a significantly lesser extent and FDP alone stabilizes the LDH to a
lower extent still. NADH elone, in both buffers, stabilized the LDH to
only & small extent while pyruvate did not increase the stability in
either of the buffers.

When a comparison is made between stability of LDH in 0.1 M tris/
malcate buffer pH 8.0 (Figure 2.4.9d) and in 0.1 M tris/maleate buffer
pH 7.5 (Figure 2.4.9f), the major difference is that oxamate at pH 8.0
gives hardly any stabilization of LDH whereas at pH 7.5 oxamate is very
effceective at stabilizing the enzyme.

The stabilization by FDP and phosphate on S. lactis C10 IDH is
sinilar to that found for thc S. cremoris LDH (Jonas et al., 1972) and
the enzyme from both of these streptococci differs from that of S. faecalis
(Wittenberger and Angelo, 1970) in that FDP and relatively high concen-
trations of phosphate buffer (200 to 600 mM) rendered the S. faecalis
enzyne heat labile. Oxamate eiher alone or with .ADH gave excellent
protection of the S. lactis LDH at pH 7.5. This is different from the
situation in S. faecalis (Wittenberger and Angelo, 1970) where oxamate
with or without NADH afforded the enzyme no greater protection than did
the coenzyme alone. Prruvate exerted no protective effect for either

S. lactis or 5. cromowis.

= o

o LDH, by

FDP, NADH and oxamate and combinations of the three could not be

The protective effect, on heat stability of S. lactis C1

ascribed to increasing ionic strength alone, because NaZSOA or NaCl at

equivalent molarities and ionic strengths did not protect the enzyme

to any appreciable extent.
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2.5 Lactate Dehydrogenase from Streptococcus faecalis ATCC 8043,

A comparison of some regulatory properties with those of S. lactis

iho LDH.

2.5.1 Introduction.

It was shown in Section 2.4.3 that the nature of the assay buffer

markedly affects the M 0.5V value for FDP. Thus for S. lactis C10
LDH, as reported in Section 2.4.3 of this thesis, the M 0.5V value was

4.4 mM FDP in 90 mM phosphate buffer pH 6.9, 0.2 =1 FDP in 0 mM tris/
maleate buffer pH 6.9 and 0.0022 mM FDP in triethanolamine/HCl buffer

pH 6.9. The high M 0.5V
for the FDP activation of the S. mutans 1Q449 LDH might be due to the use

value reported by Brown and Wittenberger (1972)

of phosphate buffer in kinetic studies. However Wittenberger and Angelo
(1970) found that the S. faecalis LDH had a low M , 5y value (0.45 mM
FDP) in 100 mM phosphate buffer. In an attempt to reconcile the widely

differing M values reported in the literature it was considered |

O.5V
desirable to carry out a limited amount of comparative work on the LDH |

of S. faecalis since the low M value in phosphate buffer suggests

that this enzyme might be relatg;zgy insensitive to phosphate inhibition
in contrast to the situation found in S. lactis.

In the course of investigating the FDP activation of the S. faecalis
LDH in different buffers, the effect of Mn'® ions on the response to FDP
was investigated and yielded some interesting results. The possibility
that ¥Mn'" ions might have some efi'ect on the activiily of S. faecalis LL.I
was suggested by the work of London gt al. on the close similarity between
certain enzymes of S. faecalis and lactobacillus casei. The particular
enzymes studied by London and co-workers were m=n inducible nalic enzyme
(London gt al., 1970 and 1971 ).and the FDP-aldolase (London and Kline,
1973). Immunological methods showed a high degree of homology between
the corresponding enzymes in the two- species. Since the LDH of L. casei
is unusual among Lactobacillus species in being activated by FDP, it
seemed possible that the close similarity of enzymes between S. faecalis
and L,. casei might extend to the IDH as well. The LDH of L. casei is
unusual, also, in that in addition to its activation by FDP it is
activated by Mn*? over part of its pH range (de Vries et al., 1970;
Holland and Pritchard, 1975). Accordingly the possible influence of
Mn*t on the S. faecalis LDH and subsequently on the S. lactis LDH was

investigated.



2.5.2 Partial Purification of LDH from S. faecalis ATCC 8043.
T

S. faecalis ATCC 8043 was obtained from the Microbiology Department,
Massey University, and grown in a medium of 30 g Tryptone, 10 g Yeast

extract, 15 g glucose, 2 g beef extract and 5 g KH made up in one

2POA
litre of distilled water. Glucose was autoclaved separately. The
culture was grown in 600 cm3 of medium at BOOC in a one litre flask
without additional aeration. After 18% hours the cells were harvested
by centrifugation at 5,500 g for 15 minutes at Ooﬂ and washed three times
in 0.005 M phosphate buffer pH 7.0 containing 1% NaCl. The washed cells
were then suspended in O0.01 M phosphate buffer pH 7.0 and disrupted by
three passages through an Aminco French pressure cell at 5,500 1lbs per in.2.
Cell debris was centrifuged down at 13,000 g for 15 minutes and the cell-
free extract was then dialysed against 0.01 M phosphate buffer pH 7.0 for
15 hours. Nucleic acid was then precipitated from solution by dropwise
addition of streptomycin sulphate using 4 .75 e of a 104 (w/v) solution
for every 100 mg protein. The resulting suspension was allowed to stand
for 4 hours and the precipitate was removed by centrifugation at 13,000 g
for 15 minutes. The streptomycin sulphate supernatant was dialysed
against 0.01 M phosphate buffer pH 7.0 for 15 hours before solid powdered
ammonium sulphate was added to bring the solution to 50% saturation.
After leaving for half an hour the precipitate was removed by centrifuga-
tion at 13,000 g for 15 minutes and then the concentration of ammonium
sulphate was increased to 72% satiration. After 3 hours the precipit: se
was collected by centrifugation at 43,000 g for 15 minutes, redissolved in
0.0 M phosphate buffer pH 7.0 and then dialysed against the same buffer
for 24 hours.

The partial purification of the S. faecalis LDH is summarized in
Table 2.5.2. T™e 50~72% ammonium sulphate dialysad LT samplie, with
a specific activity of 52.0 units/mg, was used in the kinetic studies

described in the following sections.




Table 2.5.2

Summary of LDH preparation

96.

: . Total Specific
Protein| Activity . tivity| activity
;(mg/cmB) (units/cm3) (units) J(units/mg)
!
Cell free extract i 11.0 273 2480 2.8
Dialysed Streptomycin sulphate
supernatant 6.5 220 2660 23,9
Dialysed, redissolved 50-72%
(NHI >2S°4 precipitate 6.0 34 1820 52.0
+

. Protein was determined by the method of Lowry et al. (1951)-

The S. faecalis LDH activity was assayed under the same conditions and
LDH as described

expressed in the same units used for the S. lactis G

in Section 2.2.3.

2.5.3 Properties of the S. faccalis LDH.

10

2.5.3.1 FDP activation of the S. faecalis LDH in relation to buffer

composition.

The effect of varying FDP concentration on the S. faecalis LDH

activity was studied in tris/maleate and phosphate buffer.

In tris/

maleate buffer the FDP effect was also studied in the presence of

MnClz.

In Figure 2.5.3.1a, plots A and B show the activation effect of
FDP on S. faecalis LDH activity in 90 mM tris/maleate and 90 mM phosphate

buffers, pH 6.9 at 10 mM pyruvate and 0.167 mM NADH.

The activity in

phosphate buffer is higher for all concentrations of FDP than the

corresponding activity in tris/maleate buffer.

contrast to the findings for S. lactis g

0

This is in direct

LDH where activity is

inhibited to a significant extent in phosphate buffer compared to tris/

maleate buffer.

are plotted as the Hill plots in Figure 2.5.3.1b.

buffer the M 0.5V

coefficient (nH) is 1.7 compared to a M

The same data of plots A and B in Figure 2.5.3.1a

In tris/maleate

value is 0.0 mM FDP and the Hill interaction

value of 0.008 mM FDP

OR 5V
and a ny value of 1.5 for phosphate buffer.

activity was detected in the absence of FDP.

In both buffers no
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Figure 2.5.3.1: aand b

EFFECT OF VARYING FDP CONCENTRATION ON ACTIVITY OF S. fascalis LDH

Figure a
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The effect of varying FOP concentration on the S, faecglis LDH activity was studied in
® tris/maleate buffer {A) and in (M) phosphate buffer ( B). The FDP concentration was
also varied in tris/maleate buffer with 1 mM MnCI2 present ( C) (). The reaction mix-
ture contained (in a total volume of 3 cm3): 90 mM buffer pH 6.9; 0.167 mM NADH;
10 mM pyruvate and 0.1 cm3 of diluted yme. The FDP ation was varied as
shown in the Figures. Figure a shows plots of LDH activity versus FDP concentration in
three different conditions. Figure b shows Hill plets of the data from Figure a, but does
not include the dataobtained with 1 mM MnCI2 present.
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The pH optimum for S, faecalis LDH was determined in a reaction mixture containing (in
a total volume of 3 cm3): 90 mM tris/maleate buffer (pH varied as indicated in figures):

10 mM pyruvate; 0.167 mM NADH and 0.1 cm3 of diluted enzyme. Figure a shows the
pH optimum determined in the presence of two FDP concentrations: @, 1.0 mM; m,
0.2 mM FDP. Figure b shows the pH optimum determined without FDP present, but
with two MnCl2 concentrations present: @, 10 mM MnCi2; =, 1.0 mM MnCl2.
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Plot C of Figure 2.5.3.1a shows that the presence of 41 mM
MnCl2 in tris/maleate buffer enhances the activation effect of FDP.
The same enhancement by Mn*" occurred in phosphate buffer; with
0.0075 mM FDP activity was doubled by addition of 1 mM MnClz.

However the Mn++

effect in phosphate buffer was not studied in detail
because precipitation of manganese phosphate readily occurs and inter-
feres with the assay. The activation of S. faecalis LDH by ¥ntt

has not been reported before so a further brief investigation was

carried out.

2.5.3.2 Effect of Mn'" on activity and pH optimum of S. feecalis LDH

Although no S. faecalis LDH activity wes detectable in the
absence of FDP using the standard assay system, the enzyme was active
in the absence of FDP if Mn®"' was present. The pH optimum for the
S. faecalis enzyme was determined in the presence of FDP as the enzyme
activator, and in the presence of the alternative activator, Mntt.

Figure 2.5.3.2a shows that the pH optimum in 90 mM tris/maleate
buffer with 1.0 or 0.2 mM FDP, is pH 6.0 % @1 This pH optimum is
different from the value of pH 6.9 for the S. lactis LDH (Section 2.4.2).

In 90 mM tris/maleate buffer in the absence of FDP, but with
MnCl2 present at a concentration of 10 mM, the pH profile is similar to
that in the presence of FDP with a pH optimum of pH 6.0 to 6.2 (Figure
2.5.3.2b). With 1 oM MnClz, the pH profile appears to be less broad

with an optimum value of pH 6.2.

2.5.3.3 Effect of varying Mn'* concentration on the activity of
S. faecalis LDH

———— e e

MnCl2 concentration was varied in 90 mM tris/maleate buffer pH 6.2,

10 mM pyruvate and 0.167 mM NADH in the absence of FDP. Figure 2.5.3.3a,
a plot of activity versus MnCl2 concentration, shows a sigmoidal response
of activity to increasing Mn** concentration. The same data are plotted
as a Hill plot in Figure 2.5.3.3b. At high concentrations of in** a
Hill interaction coefficient (nH) of 2.4 is obtained indicating inter-
action between Mn** binding sites. It is interesting to note that the
n, value for Mot is greater than that obtained for FDP (1.5 to 1.7).
The amount of MnCl2 required to give half maximum activity (MnCl2 O.SV)
is 1.3 oM MnClz. The affinity for FDP in similar conditions is much
higher (0.01 mM FDP). MASSEY UMIVERSITY

LIBRARY
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Figure 25.3.3: aand b

EFFECT OF VARYING MnCl; CONCENTRATION ON ACTIVITY OF S. faecalis LDH

Figure a

LDH ACTIVITY (units/em3)
S
8

’ A R S
0 2 4 8 8 10
mM MnCly
10.0—
s Figureb Hill plot
5.0 —
ny =24
1.0 Mn2tg gy = 1.3 mM Mn2*

0.5

0.1

0.02
T TTTH | P L B T S
0.04 0.1 05 1.0 5.0
mM MnClz
The effect of varying MnCl2 concentration on the ig LDH was studied. The re-
action mixture contained (in 8 total volume of 3ecm): 90mM tris/maleate buffer pH 6.2;

0.167mM NADH; 10mM pyruvate and 0.1cm3 of diluted enzyme. The MnCI2 concen-
tration was varied as shown in the Figures. Figure a is a plot of LDH activity versus
MnCI2 concentration. Figure b is a Hill plot of the data from Figure a.
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2.5.4 Response of S. lactis C10 LDH to Mn*™.

In view of MnCl2 activation of the S. faecalis LDH, the effect of
MnCl2 on activity of the purified L(+)—LDH from S. lactis C10 was
investigated. Using standard assay conditions of 10 mM pyruvate and
0.167 mM NADH and with either SO mM tris/meleate or triethanolamine/HC1
buffer pH 6.9 or pH 6.2, the tin't concentration wes varied in the presence
of 0.1, 1.0 and 10.0 mM FDP. The Mn012 concentration was also varied in
the absence of FDP under otherwise standard assay conditions.

Under none of the above conditions could it be demonstrated that
MnCl2 affected the S. lactis C1O LDH activity in any way.
2.5.5 Discussion of Data obtained from the Brief Study of the

S. faecalis LDH.

The study on the S. faecalis LDH has shown that at least one
streptococcal LDH is not inhibited by phosphate. In fact, the
S. faecalis LDH appeared to have slightly greater activity in phosphate
buffer compared to the activity in tris/maleate buffer. Thus S. faccalis
and S. lactis appear to differ markedly in their sensitivity to phosphate.
This raises the possibility that phosphate inhibition has & physiological
role in controlling the LDH of S. lactis, but not the LDH of S. faecalis.
Another major difference between the LDH's of S. lactis and of
S. faecalis is in the response tc ¥n'*. Whereas this cation has no
IDH either in the presence or absence of FDP. Insufficient data have
been obtained to discuss the mcchanism of Mn'' activation and its
relationship to that of FDP. The Mn'' activation of the S. fuecalis
enzyme indicates another point of similarity to the L. casei LDH in
addition to the FDP activation. However the LDH's of the iwo species

differ in at least two main features:

(1) Mn*" activation of the L. casel enzyme only occurs in the
presence of FDP (de Vries et al., 1970). Mn** merely enhances
the binding of FDP over a restricted pH range (Holland and
Pritchard, 1975).

(2) Phosphate inhibits the L. casei LDH even more strongly
than the S. lactis LDH (Holland and Pritchard, 1975).
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The S. faecalis enzyme appears to have an essential requirement
for either FDP or Mn'' for activity. A significant difference between
MnCl2 and FDP activation of the S. faecalis LDH is that the activity

at maximum activating concentrations of MnCl, is significantly less

than if FDP is fully activating the enzyme ai is shown in [igure
Ddiee2ar fand bl Another difference is that FDP shows a higher
affinity for the enzyme and a lower Hill interaction coefficient
compared to Mn++. These three differences between FDP and Mn++
activation suggest that the two different activatcis modify the
enzyme in different ways. However the effect of Mn'' would need to

be studied using a more highly purified enzyme before conclusions on

its mechanism of action can be reached.
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Dail Discussion of the Results from Studies on the Properties of

the S. lactis 01: LD@.

Discussion will be presen’ed under the follcwing three heading::

1. The FDP requirement of streptococcal LDH's in reletion to

the in vivo control of the activity of this enzyme.

2. A comparison of the S. lactis LDH properties with those of

other streptococcal LDH's.

3. The interrelationship between the different properties of the
S. lactis LDH.

Some comparison of the findings from the present study with those

of other workers has already been made in the presentation of the results.

2.6.1 The FDP requirement of streptococcal LDH's.

One of the most signifiicant properties in terms of relating
An vitro activity to in vivo control is the FDP concentration requirecd

for half maximum activity (¥ This parameter is markedly

O.SV)'
influenced by the nature of buffer used in the in vitro assay. The
M 0.5V value (FDP O.5V> at pH 6.9 was 4.4 mM FDP in phosphate buffer,
0.2 oM FDP in tris/maleate buffer and 0.002 mM FDP in triethanolamine/
HC1 buffer. Thus there is a 2000 fold difference between the two
extreme values, depending on the buffer components. These results
illustrate Srere's (1968) warning about the dangers of extrapolating from
observations in vitro, to conditions in vivo.

While the above results mey help to reconcile some of the widely
differing values which have been reported for the M 0.5V value of
streptococcal LDH's, since different workers have uscd differcsnt buffers,
the results also raise the very difficult question as to which buffer,
if any, best represents in vivo conditions. A large number of different
anions and cations will contribute to the internal buffering capacity of
a cell and clearly no simple buffer system can hope to reproduce the
in vivo situation. Tris/fmaleate was selected at an early stage of the
present study on rather arbitrary grounds. Phosphate buffer, used by
Wittenberger's group, was found in early studies on the S. lactis LDH
to inhibit FDP binding, while triethanolamine/HC1l used by Jago et al.

did not have a sufficiently wide buffering range for the studies
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envisaged. Tris/maleate did not appear in early studies to have the
inhibiting effect shown by phosphate and suitably covered the pH range
of the enzyne. In retrospect it was probably not the best choice since
later studies showed that it does affect FDP bindi.g and neither tris
norm acid are ideal buffering components from a physiological
point of view (Good and Izawa, 1972). A much more thorough investiga-
tion of other possible buffcrs should be made before further work on the
enzyme is carried out.

This question as to which buffer system best represents the
in vivo conditions is a difficult one. The strong inhibitory effect of
phosphate on FDP binding mey be of in vivo significance. If a sufficient
concentration of phosphate is present in vivo this may mean that the intra-

cellular level of FDP required for activation must be considerably higher

than the FDP 0.5V value determined in the absence of phosphate would
suggest.
The LDH's from S. lactis C10 and S. faecalis ATCC 80L3 have been

compared in respect to the effect of the buffer components on the FDP
requirement. It was shown that a major difference between the S. faecalis
and the S. lactis LDH is the relative insensitivity of the S. faecalis
enzyﬁe to phosphate inhibition (in fact phosphate slightly activates

compered to tris/maleate buffer). The S. lactis C, , enzyme is strongly

inhibited by phosphate. Dhicrefore depending on thlobuffer systen used
in the assays, the S. faccalis and the S. lactis cnzymes could have thk=
same or different FDP requirements. Another, possibly physiologically
significant, difference between the S. faecalis and S. lactis LDH's is
that Mn** has no effect on the S. lactis LDH whereas with the S. faecalis
LDH, Mn++ apparently enhances the binding of FDP and even activates the
enzyme in the absence of IDP.

The findings on the effect of buffer components on the FDP require-
ment of the S. lactis LDH may indicate that the high FDP regquirement for
the S. mutans NCTC 10449 LDH (FDP 0.5v = 5 mM) studied in phosphate
buffer (Brown and Wittenberger, 1972) is due to the use of phosphate

buffer in the assays.
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LDH with those

2.6.2 Comparison of the properties of the S. lactis C10

of other streptococcal LDH's.

In addition to the FDP requirement, the LDH's from different
streptococcal specics differ in a number of other properties. The main

differences are summariscd in the following paragraphs.

A) pH_optimum
The S. lactis C1O

the presence of FDP whereas LDH's from S. faecalig’(Wittenberger and

Angelo, 1970), S. mutans NCTC 10449 (Brown and Wittenberger, 1972) and

LDH has a pH optimum near neutrality (6.9) in

S. cremoris US3 (Jonas et al., 1972) all have a more acid pH optimum as does
S. faecalis ATCC 8043 LDH studied in the present work with a pH optimum
of 6.0 ¥ 0.1. In the S. lactis LDH the pH optimum was not affected by

the nature of the buffer components.

B) Effect of FDP on kinetic parameters.

The effect of FDP on the kinetic parameters is similar in the LDH's
from S. cremoris US3 (Jonas gt al., 1972) and S. lactis C,,. In both
streptococcal LDH's, FDP effects both the Vﬁax values and the binding of
NADH and pyruvate. However in S. mutans (Brown and Wittenberger, 1972)
FDP, though it effectsthe Vmax and the binding of pyruvatc, does not
effect the KM for NADH. Since Brown and Wittenberger used only three
different FDP levels and these werc all above the FDP 0.5V value, it may
be that the effcct of the Ky for_NADH was not detected by them. With
S. lactis LDH the major c¢ffecct i!;FDP is on the Vmax and the effect of KM
for NADH and pyruvate is only small. However the S. faecalis LDH is
narkedly different in that the FDP apparently does not alter the Vhax with
either pyruvate or NADH as the variable substrate. FDP only alters the
binding of pyruvate and NADH (Wittenberger and Angelo, 1970). This
result was arrived at from thc use of five different FDP levels spanning
the FDP 0.5V value and appears to be convinecingly established. One can
only conclude that- FDP is activating the S. faecalis LDH in a somewhat
different manner. In view of the many other features in which the
S. faecalis LDH differs from that of other streptococcal LDH's it does

appear to be a very distinctive enzyme.
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C) Heat stability.

Another property in which the LDH from S. faecalis differs from
that of other streptococcal species is in the respcnse to heat treatrmeat.

For the S. lactis C, . LDH FDP stabilises the enzyme either in phosphate or

tris/maleate bufferl? The S. lactis LDH is therefore similar to a number
of S. mutans strains (Brown and Wittenberger, 1972; Wittenbergergt al.,
1971) and 8. cremoris US3 (Jonas ¢t al., 1972), but different from

S. faecalis (Wittenberger and Angelo, 1970). In the LDH from S. faecalis,
the presence of FDP makes the enzywme labile to heat. In a comparative
survey of e number of strecptococcal strains (Wittenberger et al., 1971) the
LDH from strain JR8-SM of S. lactis was found to be similar to S. faecalis,
so in this respect the heat stability property appears to differ even

between strains of a species.

D) Kinetic responsec to NADH and pyruvate. |

In studying the S. lactis C1 LDH some properties as well as the |

FDP requirement were shown to be ef?ected by the buffer components present
in the assay system. In both tris/maleate and triethenolamine/HC1l buffers
the activity was a hyperbolic function of both NADH and pyruvate concentra-
tion. However in phosphate buffer, though activity was 2 hypcrbolic
function of pyruvate concentration, the response of activity to varying
NADH concentration showed co-operative binding rather than Hichaelis-Menten
kinetics. It would be of interest to establish whether the findings of
Brown and Wittenberger (1972) for the S. mutans NCTC 10449 LDH, where

there appeared to be at least two pyruvate binding sites on the enzyme

with some co-operative intcraction between them, were duc to the use by

these workers of phosphate buffer.

E) Oxamate inhibition.

Brown and Wittenberger (1972) showed that oxamate inhibited
activity at all pyruvate concentrations for the S. mutans enzyme.
However when the S. lactis LDH was similarly studied in phosphate buffer,
oxamate activated the enzyme at the lower pyruvate concentrations, and
with an increase in the phosphate concentration the activation of oxamate

was more marked.
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F) Effect of pH on FDP binding.

The FDP binding for the S. lactis LDH was dependent on pH in two
buffers, but in phosphate buffer the FDP binding was pH independent.
The LDH's from S. mutans (Brown and Wittenberger, 1972) and S. faccalis
(Wittenberger and Angelo, 1970) studied in phosphate buffer, showed a
dependence on pH for FDP binding so these two LDH's differ from the
S. lactis LDH studied in phosphate buffer. The S. lactis 010 LDH showed
a different pattern of FDP binding in relation to pH between the two
buifers, tris/maleate and tricthanolamine/HC1l buffer. Only the results
in triethanolamine/HCl buffer were consistent with the pattern shown by

the S. mutans and S. faccalis IDH, i.e. a decrcasing affinity for FDP as

the pH is raised.

Therefore of the four streptococcal LDH's studied in detail

@% lactis, S. mutans, S. faecalis and S. cremoris) there is sufficient

evidence indicating that the LDH's are quite distinct from each other in
their in vitro properties. The S. lactis o LDH is most similar to the
8. cremoris LDH which is not surprising in view of the close taxoncmic
relationship betweenthese two species.  Although the streptococcal LDH's
show different in vitro properties it may be that the intracellular
conditions are such that not all of the in vitro differences are physio-
logically significant in the in vivo situation. However it is possible
that some of the differences in in vitro properties (especially pH

optimum and FDP requirement and effect of phosphate on the ZDP requirement)
may well relate to differenccs in in vivo control features between the

streptococcal LDH's.
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2.6.3 The interrelationship between the properties of the S. lactis LDH.
R

The S. lactis LDH can be regarded as an allosteric enzyme with FDP
(structurally dissimilar from thc substrates, NADH and pyruvate) being
the important allosteric effector. It follows from the discussion by
Stadtman (1966) that the modulation of LDH activity is achieved through
the binding of the metabolite effector (FDP) at specif'ic regulatory
sites that are distinct from the catalytic binding sites. As in most
allosteric enzymes, the allosteric effector, FDP, yields sigmoidal
curves (under most conditions) rather than hyperbolic saturation curves
when LDH activity is plotted against the FDP concentration.

Monod et al. (1965) and Koshland et al. (1966) have proposed two
basic models to mathematically treat and describe allosteric enzymes at
the molecular level. In discussing the interrelationship between the

properties of the S. lactis C, . LDH a model has been drawn (see Figure

2.6.3). However it is not iliended that the model be considcred either
as a Monod et al. (1965) typc or as a Koshland et al. (1966) type, but
simply to summarise in part, sonmec of the possible interrelationships of
the S. lactis LDH properties.

With reference to thc model shown in Figure 2.6.3 the inter-
relationships between the properties will be discussed under separate

headings.

A) The S. lactis IDH can exist in different aggregated states.

From SDS polyacrylomide gel electrophoresis the S. lactis LDH
sample showed a major protein band corresponding to a molecular weight
of 36,000. The molecular weight of the native S. lactis LDH was not
determined in a guantitative manner, because of the complexity of the
behaviour of the active enzyme on polyacrylamide gel electrophoresis.
However gel electrophoresis did appear to give a qualitative picture of
the native molecular weight species of the S. lactis C1O LDH.

From gel electrophoresis of the LDH at acid pH (6.0) and at
high ionic strength, a slow moving protein was observed whereas at
alkaline pH values (above pH 7.0) only a number of faster moving
proteins (three) with correcsponding LDH activity were present. As gel

electrophoresis separates proteins on the basis of a combination of

charge and molecular weight of the protein, interpretation is difficult.
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However the slow moving LDH species and the faster moving LDH species
were considered to represent two different molecular weight forms rather
than simply a change in mobility due to a charge increase on the protein

as the pH was increased for the following reasons:

19 From polyacrylamide gel elzctrophoresis of the purified S. cremoris
LDH Jago et al. (1971 ) showed that the relative mobilities were a linear
function of pH. However in the study of the S. lactis LDH there appeared
to be no intermediate forms between the slow migrating LDH activity and

the faster migrating LDH activities when run at different pls. Also at
pH 6.0 the slow migrating LDH activity could be converted tc the fastor
migrating LDH activities by simply lowering the buffer concentration (the
reservoir buffer still showed buffering capacity after electrophoresis).
Hence the S. lactis LDH, unlike the S. cremoris LDH, on gel electrophoresis
would appear to migrate faster with an increase in pH due to deaggregation

rather than simply Jjust to an increase in charge.

2) From heat stability studies of the¢ enzyme at 550C, high ionic
strength buffer and acid pi values increased the stability of the LDH.
These same conditions favoured the slow migrating species which also
developed a LDH activity stain. very quickly in comparison to the activity
stains of the faster migrating species present at low ionic strength
buffers and at alkaline pH values. Therefore conditions that favour
aggregation of the LDH will {avour a stable form which, in turn, givec

a corresponding quickly developing activity stain. Everse and Kaplan
(1973) in their review on structure and function of LDH's state "At

least for vertebrate LDH's, the evolution of the polymeric structure must
be related to the fact that subunits are more stable in such a structure'.
This statement appears to be true also for the S. lactis C1O LDH.

However in addition, in the S. lactis LDH, a polymeric structure is

essential for the co-operative interaction of FDP with the enzyme.

3) Dynon et al. (1972) concluded from their investigations and the
previous investigations of Jago et al. (1971) that the LDH from

S. cremoris has a molecular weight of 140,000 and is a tetramer with
identical subunits of molecular weight 35,000. Jago et al. (197)
found from ultracentrifuge studies on the S. cremoris LDH that an
increase in pH, using triethanolamine/HCl buffer favoured a dissociated
form of the enzyme (MWt 70,000) compared to the 140,000 form present in
the pH range 5-7 and at pH 8.0 in phosphate buffer.
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Considering these threce points of evidence the aggregated form
of the S. lactis LDH, tentatively called the tetrameric form (shown as
state 1 in Figure 2.6.3) is the slow migrating form present in gel
electrophoresis at acid pH and is relatively stable compared to the
faster migrating LDH forms. The faster migrating LDH forms are
collectively shown as state 3 in Figure 2.6.3. State 3 isshown as a

dimeric protein, which is relatively unstable and (POE §because of

this instability, may exist in 2 number of forms. The existence of
multiple forms (three) of LDH thet migrate relatively fast may be due to
charge or conformational differences rather than differences in their
aggregation. However fcr simplicity and for want of further evidence,
the dimeric protein is shown only as one form.

The evidence of the polyacrylamide gel work on the S. lactis LDH
will have to be substantiated by more quantitative means such as ultra-
centrifugation studies. Furthermore the conditions (pH and ionic
strength of the buffer) that appear to alter the state of aggregation of
the S. lactis LDH on gel electrophoresis may not necessarily affect the
enzyme in e similar way when the kinetics and stability are studied in the
absence of the gel mediun. For example at pH 7.0 (the pH optimum of
the LDH activity in presence of FDP) the evidence from gel elcctrophoresis
indicated that the LDH was of the dimeric type (state 3). In inter-
rclating the kinetic properties at neutral pH values to the gel evidence
indicating a dimeric typp, there are difficulties. Thercfore it is
rcasoned thet at pH 7.0 2s well as pH 6.0 the enzyme is probably the
tetrameric protein (state 1) under kinetic assay conditions, though not
necessarily under gel elcctrophorcesis conditions. It is probably
reasonable to assume that the extreme conditions (acid or alkaline pH
and high or low ionic strength) favour one of the two forms (aggregated

- state 1 and deaggregated - state 3).

B) The effect of FDP on possible conformational changes.

The discussion under this heading refers to the properties of the
enzyme in tris/maleate and triethanolamine/HC1 buffers (not phosphate
buffer - see under C). Although there were some significant differences
between the kinetic properties in tris/maleate and triethanolamine/HC1
buffers (e.g. FDP requirement and effect of pH on this property), for
simplicity the LDH properties in these two buffers will be described in
the model (Figure 2.6.3) as the same.
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State 1 (Figure 2.6.3) of the LDH will show no pyruvate reduction
or lactate oxidation activity in the absence of FDP at acid and neutral
pH values. However at pH 8.0 state 3 is the predominate form of the
enzyre, and it is this form that shows pyruvate recduction or lactate
cxidation activity in the absence of FDP. This is supported from the
kinetic findings on the S. lactis C1O LDH. A4t acid and neutral pH values
no pyruvate reduction or lactate oxidation was found in the absence of
FDP, whereas at alkaline pHs both lactate oxidation and pyruvate reduction
activity was found in the absence of FDP,

With FDP present, the pyruvate reduction activity wes significantly
increased and the pH optimum shifted from an alkaline to a neutral pH (6.9).
On the other hand, the pH optimum (8.0 - 8.2) for lactatc oxidation
activity was not altered by the presence of FDP. These findings can be
related to the model in Figure 2.3.6. At neutral and acid pHs a con-
formation change occurs in the presence of FDP which favours the formation
of state 2. State 2 of the LDH (tetrameric) is the activated form of the
enzyme with a pH optimum for pyruvate reduction of 6.9.

At alkaline pH values FDP binds to the dimeric protein (state 3)
and affects a possible conformational change to state 4. The conformation
of the protein in state 4 is different from the FDP induced conformation
of state 2, as well as different in the aggregation of subunits. This
could then explain why FDP significantly activates the enzyme at acid and
ncutral pH values while only slightly activating at alkaline pH values.

In tris/maleate and tricthanolamine buffers at acid and ncutral pH
values the FDP activation of the enzyme was sigmoidal (nH = 1.6) indicat-
ing co-operative binding of I'DP to the enzyme. In the same two buffers,
ot an alkaline pH, the FDP activation showed no co-operative binding to
the enzyme (nH =1.0). Thesc findings are consistent with the proposed
model in Figure 2.6.3. 1In the deaggregated state 3 (dimeric), as is
the possible species of the S. lactis LDH at alkaline pH, co-operative
binding is less likely than in the aggregated enzyme of state 1.

FDP also afforded heat stability to the enzyme. With reference
to the model, this can be interpreted as meaning that the conformations
of states 2 and 4 are more stable to heat inactivation than the con-
formations of states 1 and 3 respectively.

From stopped-flow analysis, a lag period at pH 6.9 was demon-
strated which could be eliminnted by pre-incubation with FDP, but not
with pyruvate or NADH. At pH 8.2, where activity is not so markedly
affected by FDP, no lag period was demonstrated. The lag period
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appeared to be due to a conformational change rather than a change in
the state of aggregation. Therefore by addition of FDP to the enzyme,
at acid and neutral pHs, the conformational change is sufficiently large
that a lag period occurs in the interconversion of state 1 to state 2.
On the other hand, the conformational change in going from state 3 to
state 4, mediated by FDP, is smaller and possibly explains why FDP
activation is not so great, why no co-operative binding occurs, and why
no lag period was found at the alkaline pH values.

These conclusions are supported by work by Jago et al. (1971).
These workers studied the S. cremoris LDH and concluded that FDP induced
conformational changes in the structure of the enzyme, the unfolded form

being more active.

C) The phosphate effect on the LDH.

One possible model that may explain the phosphate effect on the LDH
activity is shown in Figure 2.3.6. At acid and neutral pHs, the phosphate
binds to the enzyme in a co-operative manner and converts thc enzyme into
state 5. State 5 is similar to state 1 in that this form docs not show
pyruvate reduction or lactate oxidation activity in the absence of FDP
and at alkaline pHs, dissociation occurs to give state 7, which does show
pyruvate reduction activity (like state 3) but not lactate oxidation
activity (unlike state 3) in the absence of FDP. However the confcrmations
of states5 and 7 are sufficicntly different from the respective confor-
mations of states 1 and 3 to give distinctive properties. First the
conformation of state 5, in contrast to state 1, has a lower affinity for
FDP, i.e. a higher FDP concentration is required to transform the enzyme
from the inactive state 5, to the active state 6. The FDP activated
state of the enzyme in phosphate (state 6) is visualised to be different
from state 2 (FDP activated state in absence of phosphate) for the
following reason: The enzyme in state 6, in contrast to state 2, shows
sigmoidal kinetics with NADH as the varied substrate and an apparently
higher KM for pyruvate. Only in phosphate buffer did oxamate appear to
activate the enzyme at low pyruvate concentrations. The different con-
formations in phosphate buffer could explain the differences in heat
stability at 55°C between phosphate and tris/maleate buffers.

Oxamate could give an apparent activation by effecting a transition

from state 5 to state 1. State 1, having a higher affinity for FDP, is
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converted to state 2 which has a higher affinity for pyruvate.
Alternatively a further conformation of IDH may be present in phosphate
buffer, i.e. state 9, formed by oxamate counteracting the phosphate
effect in some way and inducing a conformation state that has a higher
affinity for pyruvate. This cculd explain why oxamate stabilizes the
LDH to heat to a different cutunt in tris/maleate and phosphate buffers.
Whether oxamate is binding at another site, other than the pyruvate
catalytic site, as well, is not known. Pyruvate alone does not protect
the enzyne from heat inactivation whereas oxamate does even in the
absence of FDP and N:DH. This suggests that oxemate does not bind
to the pyruvate catalytic site but to a different site. This may
explain why the "oxemate affinity" chromatography of S. lactis C1O was
successful and why oxamate activated in phosphate since the oxamate site
may be related to the binding site for phosphate. In phosphate buffer,
at higher concentrations, oxamate probably binds to the pyruvate site
since it inhibits the activity of LDH.

4t pH 8.0, FDP binds in an apparently co-operative way in
phosphate buffer, but not in the other two buffers. This co-operative
binding to the state 7 form may be due to the FDP overconing the phos-

phate effect as well as activating the enzyme.

2.6.4 Other factors that may regulate LDH activity.

Both NAD' and adenine nucleotides (ATP and ADP) inhibit the enzyme
with quite low Ki values. The regulatory significance of such inhibitors
in vivo is not obvious. Tithibition by NAD' (KI 2.0 mM), which is com-
petitive with respect to MiDI, could ensure that a minimum pocl size of
NADH is maintained at & high NAD+/NADH ratio as the reduced nucleotide
nay be required for some biosynthetic functions (although NADPH usually
fulfils the biosynthetic function).

Since ADP and ATP inhibited the enzyme with similar KI values,
regulation by energy chargce (Review by Atkinson, 1966) would seen
unlikely. Though AMP inhibits activity over most of the NADH concen-
tration range, this nucleotide did appear to activate the LDH at high
NADH concentrations. However the interaction with other factors such
as FDP, phosphate and pH would have to be further investigated before

the significance of the nuclcotide interaction could be understood.
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3] Introduction

Krebs and Kornberg (1957) proposed that the pacemaker enzymes of
a metabolic pathway characteristically catalyse essentially irreversible
reactions and have a low activity relative to other enzymes of the same
pathway. The equilibrium of the reaction (Reaction 1) catalysed by
pyruvate kinase (E.C.2.7.1.40) lies far to the side of pyruvate formation
and is assumed to be practically irreversible under physiological con-
ditions (Krebs and Kornberg, 1957; Utter, 1963). Pyruvate kinase
therefore catalyses a strategic step in the glycolytic pathway (Krebs
and Eggleston, 1965; Newsholme and Gevers, 1967). In organisms and
tissucs with the potential f'or gluconeogenesis, alternative reactions
exist in order to bypass the irreversible step of glycolysis catalysed by
pyruvate kinase. The two enzymes, pyruvate carboxylase (Reaction 2) and
phosphoenolpyruvate carboxykinase (Reaction 3) result in pyruvate being
converted back to phosphoecnolpyruvate (PEP) via the intermediate formation

of oxaloacetic acid (QAA).
Reaction 1 PEP + ADP ﬁ§++ Kt 5 Pyruvate + ATP (Pyruvate Kinase)

. ++ :
Reaction 2 Pyruvate + CO2 + ATP + H20 Mg ; OAA + ADP + Pi (Pyruvate

, carboxylase)
Reaction 3 OAA + GTP Mg'™ Mn™ . PEP + GDP + CO, (PEP - Carboxykinase)

—

The combined action of these three enzymes of glycolysis (Reaction 1)
and gluconeogenesis (Reactions 2 and 3) would allow a "futile cycle"
(Scrutton and Utter, 1968) to occur, resulting in the nett hydrolysis of
nucleoside triphosphates, an energy-wasting process. Therefore in
organisms where these three enzymes exist it is essential for the pyru-
vate kinase (as well as the other two enzymes) to be under physiological
control so that no "futile cycle" is created and so that there is only e
nett channelling of PEP either to an energy producing (glvcolysis) or to
an energy requiring (gluconeogenesis) pathway.

Pyruvate kinase would bc expected to show different control
properties depending on the role which this enzyme plays in metabolism.
Thus the pyruvate kinase in an orgenism or tissue where only glycolysis
canhoccur might be expected to have different properties from those of
the enzyme found in a system where both glycolysis and gluconeogenesis
can occur. Various groups of workers have studied the pyruvate kinases

from different sources and have reported that therc are distinctive
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properties of the enzyme depending on its source. This diversity of
the properties of different pyruvate kinases emphasises the importance of
the physiological control function of this enzyme in relation to the

particular pathways operating.

s | Mammalian Pyruvate Kinases

The most intensively studied mammalian pyruvate kinases are the
two types of pyruvate kinase from rat liver.

Tanaka et al. (1965) studied the pyruvate kinase level in rat liver
to elucidate the mechanism of control that prevents a "futile cycle" from
operating and ensures that only the glycolytic or gluconeogenic pathway is
operating. In erude extracts of liver two forms of the enzyme were
identified by electrophoresis and immunological procedures and tentatively
named type M and type L. The pyruvate kinase, type i, appears to be the
same as the muscle type enzyme the characteristics of which have been
described in detail by Boyer (1962). The type M is found in skeletal
muscle, heart, liver and kidney and has similar properties in all these
organs. The type L is found only in the liver and kidney. The level
of the type L varies greatly under various physiological conditions
whereas that of type M varies only slightly (Krebs and Eggleston, 1965;
Tanaka et al., 1967; ‘leber et al., 1965; Yudkin and Krauss, 1567).

For example in alloxan diabetic animals and those fed on a2 high protein
diet or fasted for 48 hours, the level of type L pyruvate kinase was
greatly decreased, and on subsequent insulin administration or administration

of a normal diet the levels returned to normal.

A. Properties of rat liver L-type pyruvate kinase

Passeron et al. (1967) and Taylor and Bailey (1967) studied the rat
liver pyruvate kinase (L-type) and found that it is activated by
fructose-1 ,6-diphosphate (FDP) in vitro. The rabbit and rat muscle
pyruvate kinase, on the other hand, was unaffected by FDP (Taylor and
Bailey, 1967). The main kinetic characteristics of the activation of
the rat liver pyruvate kinase (Taylor and Bailey, 1967) by FDP are homo-
tropic co-operative interactions exhibited by both PEP and effector,
FDP, and the abolition of the PEP co-operativity and the tenfold decrease
in the apparent KM for PEP at high concentrations of FDP. Taylor and
Bailey (1967) suggested, in view of the high affinity of the liver enzyme

for FDP combined with a low intracellular concentration of this metabolite
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that the FDP stimulation constitutes a switching mechanism determining
whether glycolysis or gluconeogenesis would predominate. This suggestion
was further supported by Carminatti et al. (1968) who pointed out that
I'DP would control not only pyruvate kinase activity, but also the activity
of the two other strategically related enzymes, fructose diphosphatase and
phosphofructokinase.

Rozengurt et al. (1969) studied in detail the effect of pH on the
allosteric behaviour of rat liver pyruvate kinase (type e At pH
values lower than 7, the enzyme obeys Michaelis-hMenten kinetics with
respect to both substrates (PEP and ADP) and cannot be activated by FDP.
At pH values higher than 7.2 the enzyme has a sigmoidal response to PEP
which is transformed into a normal hyperbolic relationship in the presence
of FDP with the apparent affinity of the enzyme for PEP increasing.
ATP, on the other hand, co-operatively inhibits the enzyme at low pH
values, at pH 7.5 in the presence of 0.002 mif FDP or at high PEP concen-
trations. They concluded that small variations in the intracellular pH
could be important in the regulation of pyruvate kinase activity by
metabolites in vivo. Jimenez de Asua et al. (1970) showed that at pH 7.5
there is a sigmoidal velocity response of the rat liver pyruvate kinase
(type L) with respect to K" or NI +, but at saturating concentrations of
PEP er FDP the velocity response is transformed into a normal hyperbolic
relationship. The XK' saturation curve follows a hyperbolic pattern at
acid or very alkaline pfl values. Jimenez de Asua et al. raised the
possibility of modulation in vivo of pyruvate kinase activity by free
K* level variations.

The importance of studying the interaction of substrateg,
activators and inhibitors over a wide concentration range before
relating the in vitro properties to in vivo conditions is illustrated by
the conflicting conclusions of Koster et al. (1972) and Van Berkel et al.
(1974). Koster and Hulsmann (1970) reported that a number of phosphory-
lated hexoses and inorganic phosphate could activate the rat liver
pyruvate kinase in a similar manner to FDP. Koster et al. (1972)
subsequently showed that glucose-1,6-diphosphate has a similar effect
to that of FDP. The concentration of FDP fluctuates in the liver
during feeding and fasting while the GD?*concentration remains constant.
The pyruvate kinase activity will therefore still be stimulated when the

FDP concentration is low because the combined concentration of GDP and

* In this paragraph only GDP represents glucose-1,6-diphosphate.
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the low FDP is still sufficient to fully activate the enzyne. Koster
et al. concluded that the regulation of pyruvate kinase cannot be achieved
by a fluctuating FDP concentration of the liver as previously suggested by
Teylor and Bailey (1967). However, Van Berkel et al. (1974) studied the
enzyme at physiological concentrations of substrates and modifiers,
especially of PEP (Koster and Hulsmann, 1970 and Koster et als, 1972 used
elevated PEP concentrations compared to the physiological level of FEP).
They concluded that inorganic phosphate and phosphorylated hexoses,
including glucose-1,6-diphosphate (but not FDP), at physiological concen-
trations and conditions would not be able to activate the pyruvate kinase.
The only effective phosphorylated hexose activator in a physiological
concentration range and under physiological conditions is FDP.

The interconversion of mammalian type L pyruvate kinase into two
forms with different catalytic properties was first reported by Tanaka
et al. (1967), who found that the rat liver enzyme, if incubated in KC1
solution in the presence of EDTA, was completely desensitised towards
activation by FDP. Other workers have also studied this phenomenon
(Bailey et al., 1968 and Pogson 1968a), and have shown thet the form
insensitive to FDP also shows normal Michaelis-Menten kinetics with PEP.
Susor and Rutter (1968) showed that the FDP insensitive form is also
less sensitive to ATP inhibition. Preincubation with low concentrations
of FDP (Lbrente et al., 1970; Pogson, 1968a; Bailey et al., 1968;
Susor and Rutter, 1968) and extraction and storage =zt low temperatures
(OO - 2OOC) (Llorente et ai., 1$70) are conditions that favour the form
that is insensitive to }DP. Preincubation with citrate, ATP or between
250 and 370 (Pogson, 19632) and isolation or preincubation in EDTA
(Pogson, 1968a and b; Bailey et al., 1968) are conditions that favour
the form that is sensitive to FDP. Van Berkel et al. (1973a) showed
that the L-type pyruvate kinase from rat liver can exist in two forms
with interconversion occurring by incubation of enzyme with oxidized or
reduced 2-mercaptoethanol or glutathione. The oxidized enzyme has a
decreased affinity for PEP and FDP. FDP is still able to activate the
oxidized enzyme, but the concentration of FDP required for full activity
is six times higher than the requirement for the reduced enzyme.
Van Berkel et al. concluded that interconversion is by oxidation and

reduction of the sulphydryl groups in the enzyme. The in vitro
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oxidation and reduction of the two interconvertible forms of the L-type
enzyme, though slow, may reflect a physiological regulation mechanism
if an enzyme-catalysed interconversion exists in yiyo as has been
suggested for a number of enzymes, e.g. pyruvate-formate lyase from

Escherichia coli (Knappe et al., 1965) and xanthine oxidase from rat

liver (Stirpe and Della Corte, 1970). Further support for the hypo-
thesis of Van Berkel et 2al. (197%a) that -SH groups can play a role in
the regulation of the pyruvate kinase activity in vivo comes from the
work of the same group on human erythrocyte pyruvate kinase (Van Berkel
et al., 1973c). They showed that this enzyme can be converted into an
oxidized form by incubation with oxidized glutathione. The oxidized
enzyme showed a lower affinity for PEP and for FDP as did the enzyme from
pyruvate kinase-deficient patients. It was therefore concluded that the
human erythrocyte pyruvate kinase deficiency could be a consequence of

an increased oxidized glutathione concentration in the red blood cells.

B. Rat liver M-type pyruvate kinase

The rat liver, M-type pyruvate kinase is immunologically
indistinguishable from the muscle enzyme (Tanaka et al., 1967) although
it does differ in electrophoretic mobility (Susor and Rutter, 1968).
Until recently it was uncertain whether these two pyruvate kinases had
similar kinetic properties (Tanaka et al., 1967). As recently as 1972
the rat liver M-type pyruvate kinase was described as a non-allosteric
enzyme (Van Berkel et al., 1972). These authors suggested that there
are two kinds of glycolytic pathways in liver. One of these, proceeding
by way of hexokinase and type M pyruvate kinase, was termed the basal
pathway. The rate of the basal pathway would not be influenced by
dietary and hormonal conditions and would meet the minimum demands of
the cells. The regulatory pathway catalysed by glucokinase and type L
pyruvate kinase would fluctuate in response to dietary and hormonal
conditions and would meet the special demands of the cells. These
workers based their conclusions on the basis of the M-type pyruvate
kinase being a non-allosteric enzyme with no significant modifying
ligands.

The same group of workers a year later (Van Berkel et al., 1973b)
published a paper on the allosteric kinetic properties of M-type pyruvate
kinase from rat liver. They showed that the M-type pyruvate kinase from

rat liver did show sigmoidal kinetics with respect to the substrate PEP
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if the pH was above 7.25, the n, value of PEP being 1.3 at pH 7.5 and

1.7 at pH 8.0. FDP was able to convert the PEP sigmoidal saturation
curve to a hyperbolic relationship and stimulated activity at low PEP
concentrations. Alanine acted as an allosteric inhibitor but this
inhibition could be fully abclished by the addition of FDP. The alanine
inhibition was also dependent on the pH and on PEP concentration. At

pH 5.9 the alanine inhibition curve was &igmoidal with a ny value of -2.0.
At pH 5.9 full activity was completely restored with the addition of a
sufficiently high concentration of FDP whereas at pH 7.5 if the alanine
concentration is above 2.5 mM the FDP cannot restore activity.

Inamure ., et al. (1972) also studied the M-type pyruvate kinase
from rat liver, but, in contrast to Van Berkel et al. (1973b), found that
FDP did not restore activity to the alanine inhibited enzyme.

Van Berkel et al. (1973b) suggested that a possible explanation for this
was that the M-type enzyme could exist in two forms which could be
reversibly interconverted by sulphydryl reagents as had been shown for
the L-type pyruvate kinase from rat liver (Van Berkel et al., 1973a).
They showed that M<type erzyme if incubated overnight with oxidized
glutathione, while having the same rcaction velocity as the freshly
prepared M-type enzyme, shows decreased affinity for PEP and the alanine
inhibition is not affected by the addition of FDP. However, in contrast
to the results obtaincd for the L-type from rat liver (Van Berkel et al.,
1973a) the oxidation of the thiol groups of the lM-type is not reversible.
Van Berkel et al. (1973b) conclude that various authors have not detected
the allosteric nature of the rat liver, M-type enzyme becousec they have
studied the kinetics at pH 7.4 where there is very little allosteric
interaction. Van Berkel et al. (1973b) state that "The metabolic
implication of the possibility to regulate the M-type pyruvate kinase is
not obvious".

Jt is evident from the studies described above and from othens
(e.g. Jimenez de Asua et al., 1971 ) that the kinetic properties of the
enzymes have to be extensively studied under various combinations of
conditions that could exist jin vivo. The pH effect, the homotropic and
heterotropic interrelationships between FDP, pH, PEP, metal ions and other
controlling ligands (e.g. nucleotides and amino acids) all need to be
studied. The possible modification of the enzyme by alteration of the
thiol groups, as exemplified by the M- and L-types of rat liver pyruvate
kinase, and the consequent change in kinetic properties illustrates
Srerds (1968) warning of the dangers of extrapolating in vitro data to

in vivo conditions.
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C. Other mammalian pyruvate kinases

Different forms of pyruvate kinases also exist in adipose tissue
(Pogson, 1968a and b), erythrocytes (Staal et al., 1971) and kidney
(Costa et al., 1972). The adipose tissue isoenzymes are designated A
and B forms. The A form is activated by FDP and shows co-operativity
with respect to PEP and is thus similar to liver type L pyruvate kinase.
The B form is generally similer to muscle (M) type. Both forms show some
distinctive properties from the correspondingliver-enzymes (Pogson,1968a
and b). The isoenzymic pairs of erythrocytes and kidney cortex also
show homologous properties to thc two liver enzymes although the kidney
type I pyruvate kinase shows some very distinctive features.

The cerebral pyruvaie kinase (Nicholas and Bachelard, 1974 )
appears to be kinetically distinct from both M and L type.

%412 Microbial Pyruvate Kinases

Pyruvate kinases have been purified and studied from a number of
microbial sources. As with the mammalian pyruvate kinases the pyruvate
kinases from different microorganisms differ from each other in ways which
appear to be related to their physiological role in regulating carbo-
hydrate metabolism.

Pyruvate kinases from the following microorganisms have been

purified and studied in some detail:

Saccharomyces cerevisiae Hess et al. (1966)
(and S. carlsbergensis) Hess and Haeckel (1967)

Haeckel et al. (1968)

Hunsley and Suelter (1969)
Macfarlane and Ainsworth (1972)
Johannes and Hess (1973)

Escherichia coli Maeba and Sanwal (1968)
Malcovati and Kornberg (1969)
Waygood and Sanwal (1971)
Waygood and Sanwal (1972)
Waygood and Sanwal (1974)

Bacillus licheniformis Tuominen and Bernlohr (1971a and b)

Bacillus subtilis Diesterhaft and Freese (1972)
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Acetobacter xylinum Benziman (1969)
Brevibacterium flavum Ozaki and Shiio (1969)
Streptococcus faecalis Wittenberger et al. (1973)

Streptococcus lactis ML Collins and Thomas (1974)

3

The studies on yeast (é.ecerevisiae and S. carlsbergensis), E. coli

and B. licheniformis pyruvate kinases will be reviewed briefly as represent-

ing different types of physiological control. The S. faecalis and
S. lactis ML, pyruvate kinases will be mentioned in the following section

(3.1.3).

A. Yeast pyruvate kinase

Earlier studies (Hess et al., 1966; Hess and Haeckel, 15967;
Haeckel et al., 1968) showed that the pyruvate kinase of S. carlsbergensis

reacted allosterically to the addition of PEP, ATP, ADP and FDP. It was

found that FDP transformed the sigmoidal saturation curve of the enzyme
for PEP into a hyperbolic form. Similar findings are reported by
Hunsley and Suelter (1969) on the S. cerevisiae enzyme, except that ADP
exhibited no co-operative binding to the enzyme. ATP, CTP, GTP, UTP,
ITP, AMP and 3151AMP inhibited pyruvate kinase (Haeckel et al., 1968) and
the ATP inhibition was reported to be due to a negative heterotropic
interaction with the binding of PEP. MNADP', citrate and Ca'' have also
been shown to inhibit the enzyme allosterically (Haeckel et al., 1968).
These workers have shown that low ATP (2.5 mM) may activate the enzyme
with the activation being most pronounced at pH 6.0 and at a PEP:ADP
ratio of 2.0.

In another yeast, Candida utilis, Gancedo et al. (1967) found

that the pyruvate kinase, unlike that of S. cerevisiae, was not regulated
by FDP. In this yeast,activity of the pyruvate kinase appears to be
regulated by controlling enzyme synthesis. Pyruvate kinase activity is
high when C. utilis is grown on glucose but markedly lower when grown
ethanol (a gluconeogenic substrate). The same workers showed that the
level of the FDP-activated pyruvate kinase of S. cerevisiae did not
change in relation to the carbon source. Thus these two yeast species
have adopted different types of control mechanisms to determine the

balance between glycolytic and gluconeogenic activity.
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C. Escherichia coli pyruvate kinase

Maeba and Sanwal (1968) studied the regulation of pyruvate kinase
from E. coli B using a preparation partially purified by ammonium sulphate
fractionation. They found that both FDP and AMP enhanced activity.

These two positive effectors, however, affected differently the sig-
moidal dependence of activity on PEP concentration. FDP changed the

Vmax but not the sigmoidal rate-concentration curves, whercas AMP changed
the KM for PEP and converted the sigmoidal plot into a hypcrbolic plot.
Subsequently Malcovati and Kornberg (1969) and Waygood and Sanwal (1971)
showed that two types of pyruvate kinase are present in 1. coli, one of
which is activated by FDP and the other by AMP. Malcovati and Kornberg
(1969) reported that the pyruvate kinase form I from E. coli K-12, which
is activated by FDP is inducible whereas the other form of pyruvate kinase
(I1), which is not significantly affected by FDP, appears to be formed
constitutively. The two formms of the enzyme were thought to represent
different species of pyruvate kinase rather than different forms of the
same enzyme which are interconvertible. The FDP-activated form was shown
to be susceptible to a co-operative feedback inhibition by succinyl Cok
and ATP (Waygood and Sanwal, 1972). Kornberg and Malcovati (1973) have
found that the kinetic properties of pyruvate kinase in "permeabiliszed"

E. coli were similar to the properties observed in vitro.

Waygood and Sanwal (1974) purified the FDP-activated E. coli
pyruvate kinase and studied its regulatory properties. 0f several
nucleoside diphosphates which act as phosphate acceptors in the reaction,
GDP, Jjudging by its KM value of 0,05 mM was the best substrate for the
enzyme. They have suggested that GDP, rather than ADP, is the phosphate
acceptor in vivo, at least for the FDP-activated E. coli enzyme.

Similarly GTP is a more effective inhibitor than other nucleoside tri-
phosphates although the degree of GTP inhibition depends on which nucleoside
diphosphate is acting as the acceptor. ATP is a relatively poor inhibitor
but with succinyl CoA (itself a poor inhibitor) a strong co-operative
inhibition is obtained. On the other hand, GTP and succinyl CoA did

not show the same increased co-operative inhibition.

The E. coli FDP-activated enzyme (Waygood and Sanwal, 1974)
shows the distinctive property of not requiring K" for activitye. Most
other pyruvate kinases have an essential requirement for a monovalent

cation. The only other reported exceptions to this are the pyruvate
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kinases from Acetobacter xylinum (Benziman, 1969) and from Brevibacterium

flavum (Ozaki and Shiio, 1969). Both Mg++ and Mn** ions show homotropic
co-operativity in binding to the enzyme. For both divalent cations the
sigmoid plots become hyperbolic in the presence of 1 mM FDP. However
with Mn*" as the divalent cation the Vmax for the enzyme is approximately
half of the value obtained when Mg++ is used. Under fully activated
conditions the K for Mg** is 0.4 mM and for Mn*t is 0.04 mM.

C. Bacillus licheniformis pyruvate kinase

The pyruvate kinase of the spore-forming bacterium B. licheniformis
was purified and the kinetic properties studied by Tuominen and Bernlohr
(1971a and b). They found that a single constitutively synthesised

pyruvate kinase is present in B. licheniformis. They showed that a

number of factors could modulate the activity of the purified pyruvate
kinzse of B. licheniformis. Pyruvate kinase appears to be regulated
primarily by activation by AMP, ADP and PEP, and inhibition by ATP in the
presence of Mg++. Inorganic phosphate (Pi) and carbamyl phosphate
inhibit activity. The authors state that inhibition of pyruvate kinase
by carbgmyl phosphate may not be physiologically significant. Regulation
of the pyruvate kinase activity by in vivo concentrations of Pi may be
significant with Pi serving as an indicator of NADH levels in glycolysing
cells. FDP does not efi'cct the enzyme's activity. The intracellular

balance between Mg++ and tn*" may bs pbtentially important in the regula-

tion of pyruvate kinase in B. licheniformis. With Mt present as the
divalent cation, the KM for PEP is seven-fold lower than in the presence
of Mg++. The sigmoid nature of ADP and PEP binding was increased by
the presence of ATP in the presence of Mg++. With Mg++ as the divalent
cation, ATP inhibition was abolished by AMP and both ADP and PEP showed
sigmoidal kinetics which were transformed to Michaelis-Menten kinetics if
AMP was present. However with un*t present as the divalent cation, ATP
did not alter the hyperbolic nature of the PEP saturetion curve and the
ATP inhibition was not relieved by AMP.

Other bacterial pyruvate kinases which are not apparently

regulated by FDP include the pyruvate kinases from Acetobacter xylinum

(Benziman, 1969) and from Brevibacterium flavum (Ozaki and Shiio, 1969).

The Acetobacter xylinum enzyme appears to be regulated simply by ATP

inhibition and PEP activation. Regulation of the Brevibacterium pyruvate
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kinase is more complex with AMP acting as a positive allosteric activator
and nucleoside triphosphates and several organic acids, citrete, isocitrate,

malate and X-ketoglutarate acting as inhibitors.

34143  Pyruvate Kinase of Streptococci

At the time that the present study of pyruvate kinase of

Streptococcus lactis Q1O was commenced the only information available

on streptococcal pyruvate kinase was a personal communication from

Mrs L.B. Collins of the New Zealand Dairy Research Institute that pyruvate
kinase activity was detectable in extracts of S. lactis ML3 only if FDP
was included in the assay mixture. The D.R.I. group subscquently con-
tinued their studies of this enzyme and published a report on its
properties (Collins and Thomas, 1974.) . Our attention was also drawn
by Dr C.L. Wittenberger of thec National Institute of Dental Research,
Bethesda, to a preliminary report on the pyruvate kinases of S. faecalis
presented to the 9th International Congress of Biochemistry.

Wittenberger et al. (1973) reported the presence of two forms of
pyruvate kinase in S. faecalis, designated PK-I and FK-II. PK-I, with
a molecular weight of 200,000, exhibits positive homotrcpic kinetics
with its substrate, PEP (nU = 2.9). This form of the enzyme has a low
affinity for PEP (PEP o.5v“: 9.0 mM) and is not activated by FDP (FDP is
somewhat inhibitory). PK-TI is slightly stimulated by AMP and is inhibited
by ATP. PK-II, with a molecular weight of 100,000, is almost totally
dependent upon FDP for activity, and exhibits weaker homotropic inter-
actions with PEP (nH = 1.6) than does PK-I. PK-IT has a much higher
affinity for PEP (PEP = 0.4 mM) and is unaffected by either AMP or
ATP,

0.5V

The work of Collins and Thomas (1974) on the FDP-activated

pyruvate kinase of S. lactis ML, will be discussed in the relevant

3

sections of the present study on S. lactis C1O P

The two main objectives in studying the S. lactis C10 p

yruvate kinase.

yruvate

kinase were as follows:

1e To assess the importance of the FDP regulation of this enzyme,
and to determine the effect of other factors that may regulate the enzyme,

in the control of PEP utilisation in §. lactis C1O'
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Probably no gluconeogenic pathway functiomsin S. lactis, so
there is not the need to control the pyruvate kinase activity in respect
to preventing a "futile cycle" from occurring. However PEP is required
for the transport of carbohydrates into S. lactis by the PEP-
phosphotransferase system, as shown by McKay et al. (1969 and 1970).
Therefore the utilisation of PEP by pyruvate kinase needs to be regulated
to ensure that adequate PEP is available for the PEP-phosphotransferase

transport system.

2le To compare the FDP regulation of pyruvate kinase and LDH in the
same strain of S. lactis.

The regulation of two consecutive and largely irreversible steps
of a metabolic pathway by the same activator is a somewhat unusual
situation. The metabolic significance of this is not immediately obvious.
It is important to establish whether the concentration range of FDP over
which the two enzymes are regulated is similar or different for the two
enzymes, If the FDP requirement is similar then it is important to know
if any other factors may differcntially affect the activity of the two
enzymes.

It is necessary to study the S. lactis C yruvatec kinase under

P
a wide range of conditions and the interaction o}oas many factors as
possible. This is evident from the work described in the previous
section on LDH (Section 2), and from the review of work on pyruvate
kinases of other orgonisms. Thus the FDP requirement of the S. lactis
LDH was found to differ markedly depending on the buffer and pH used in
the assay. Conflicting conclusions concerning the physiological role of
a particular control mechanism may be drawn if the in vitro properties are
studied under a limited range of conditions. This is exemplified by the
opposing conclusions drawn by Koster et al. (1972) and Van Berkel et al.
(1974) concerning the importance of FDP in regulating the L-type pyruvate
kinase of mammalian liver,

Therefore in the present study of the S. lactis C1O pyruvate

kinase an attempt has been made to investigate the interaction of sub-

strates, activators, inhibitors and inorganic cations and anions on the

enzyme's activity, as fully as possible.
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342 - Materials and Methods.

3.2.1 Organism

Streptococcus lactis C1O was maintained as described in
Section 2.2.1.

3.2.2 Reagents

In view of the sensitivity of pyruvate kinase to a number of
cations, anions and organic compounds, the source of the reagents is
given in some détail. All nucleoside phosphates were stored desiccated
as their dry salts in the freezer. TFor kinetic studies the solutions
were made up in 0.1 M triethanolamine/HC1l buffer pH 7.5 on the day of use,
stored on ice, and only used for that day. Adenosine 51—Diphosphate
(ADP), Guanosine 5 -Diphosphate (GDP) and Adenosine 5'-Triphosphate (ATP)
were obtained as the disodium salts from the Sigma Chemical Company
(Grade 1) and Adenosine 51-Monophosphate (AMP) was the disodium salt from
Fluka.

Phosphoenolpyruvate (PEP) was the trisodium salt from Sigma. PEP
was stored in the freezer as the dry salt in a desiccator. For kinetic
studies solutions were made up in O.1 M triethanolamine/HC1 buffer pH 7.5
on the day of use, stored on ice, and only used for that day.

Nicotinamide Adenine Dinucleotide, Reduced Form (NADH) was the
disodium salt from Sigma (Sigma grade, 98% pure). F'or kinetic studies,
solutions were made up in 0.0025 M NaOH pH 8.5 on the day of use, stored
on ice in the dark, and only used for that day.

D-Fructose-1 ,6-Diphosphate (FDP) was the tetrasodium salt from
Sigma (Sigma grade, 98~1OQ%). FDP was dissolved in 0.005 M
triethanolamine/HC1l buffer pH 6.8, stored on ice and used over a thirty
hour period. In one series of kinetic determinations, the tetracyclo-
hexylammonium salt of FDP (Sigma) was used and this will be clearly
indicated.

The lactate dehydrogenase (LDH) (E.C.1.1.1.27) used in the
pyruvate kinase assay system was the rabbit muscle type II, a suspension
in 2.1 M (¥, ),S0, (10 mg orotein/em’, 815 Sigms units/mg), obtained
from Sigma.

The following monovalent and divalent metals were obtained from
BDH as the Anala R grade: KC1, NHhCl, LiC1, MgClz, MgSOh, CoClZ,
CaClz, CuClz, BaClz, ZnCl2 and MnClZ. NaCl was obtained from
May and Baker ("AR").
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Maleie. acid was from Koch-Light Laboratories ("AR"), KHZPOA’
imidazole and triethanolamine were from BDH (Anala R) and tris
(hydroxymethyl) aminomethane was from Sigma (Trizma Base). Glycerol
was obtained from BDH (Anala R) and 2-mercapto-ethanol from Fluka
( 98%).

For gel filtration, Bio~-gel A 0.5 M, 100-200 mesh, was obtained
from Bio-Rad Laboratories and for ion exchange chromatography
DEAE-Cellnlose, Whatman, DE=32 (MicrogTanular) was used.

3.2.3. Pyruvate Kinase Assay

Pyruvate kinase activity was estimated by measuring the rate of
NADH oxidation at 340 nm. The standard assay mixture contained in a
total volume of 3 cm3: 80 mM triethanolamine/HCl buffer pH 7.5, 1 mM PEP,
33 mM ADP, 1 mM FDP, 13.33 mM KCl,3.33 mM MgClZ, 0.167 mM NADH, 20 pg
dialysed LDH (20 Sigma units) and 0.1 cm3 of diluted enzyme. The enzyme
was diluted in 20% glycerol/deionised distilled water solution (v/v) at
0°c. Routine assays during enzyme purification were carried out at room
temperature using a Unicam SP 800 spectrophotometer. Kinetic studies were
carried out at 250C using a Beclkman ACTA-3 spectrophotemeter. In kinetic
assays, particularly at low activator and substrate concentrations, when
the reaction was started by addition of the pyruvate kinase sample, a lag
period often occurred before a steady rate of NADH oxidation was attained.
Unlike the study on LDH (Section 2.4.7) the lag period of pyruvate kinase
was not investigated by stopped flow analysis. The pyruvate kinase
activity was estimated from the steady rate of NADH oxidation.

An absorbance change of 1.0 unit per minute is used throughout as
the measure of enzyme activity unless otherwise stataLJF )

3

expressed as units/cm” which refers to the OD change per minute that would

values are

be obtained using 1 cm3 of the stock purified pyruvate kinase solution.
The stock LDH, used in the pyruvate kinase assay system, was a
suspension in 2.1 M (NHL)ZSOA (10 mg/cmB, 815 Sigma units/mg). The day
before use the stock LDH was diluted in 20% (v/v) glycerol in Q.1 M
triethanolamine/HC1 buffer pH 7.5 and dialysed against the same buffer
for fifteen hours to remove the (NHA)ZSOA' The LDH was then diluted
in the glycerol/triethanolamine buffer just prior to use. The twice
diluted, dialysed LDH was used in the assay system for two days before
a fresh diluted and dialysed LDH was prepared.
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3,244 Protein Determinations

Protein was determined by the method of Lowry et al. (1951) using
bovine serum:.albumin as the standard protein.

The method of estimating protein concentration by extinction at
260 nm and 280 nm according to the procedure given by Dawson et al. (1969)
was used only for analysis of column fractions to obtain an approximate

estimate of specific activity.

3,245 Polyacrylamide Disc Gel Electrophoresis

The polyacrylamide disc gel electrophoresis technique was the same
as described for L(+)-LDH in Section 2.2.6 where gels (7% acrylamide,
0.18% Bisacrylamide, pH 8.9) were prepared according to the procedure of
Gabriel (1971). The gels were run only in the tris/glycine buffer system
of Gabriel (1971), (Tris, 3.0 g/glycine 14.4 g/litre deionised distilled
water, pH 8.3).

3.,2.6 Detection of Pyruvate Kinase Activity on Gels

The polyacrylamide gels were stained for pyruvate kinase activity
in the following way. The gels were removed and washed in O.1 M
triethanolamine/HC1l buffer pil 7.5 for five minutes before the gels were
immersed in the activity mixture and placed in the dark at room temperature
for sixty minutes. The activity mixture contained 2.5 mM NADI, 3 mM PEP,
10 m¥ ADP, 20 mM FDP and 20 ug Sigma LDH/cm3 all in 100 mM triethanolamine/
HC1 buffer pH 7.5. The gels were removed from the activity mixture and
guickly washed twice with distilled water. Washing was completed in half
a minute and the washed gels were then immediately immersed in a staining
mixture containing 5 mg nitro~blue tetrazolium and 2 mg phenazine metho-
sulphate in 8 cm5 of 100 mM triethanolamine/HCl buffer pH 7.9. The stain
was allowed to develop for ten to twenty minutes in the dark and the gels
were then removed and washed three times in 7% acetic acid before being
stored in T4 acetic acid in the dark. The pyruvate kinase activity region
showed as a clear zone against the dark background of reduced nitro-blue

tetrazolium.

5207 Sodium Dodecyl Sulphate Polyacrylamide Disc Gel Electrophoresis

Sodium dodecyl sulphate (SDS) polyacrylamide disc gel electro-

phoresis was carried out according to the general procedure of Weber
and Osborn (1969) using 10% acrylamide gels. The modifications to the

general procedure have been described in Section 2.2.8.



130.
Bl Pyruvate Kinase Purification

3+.3¢1 Growth and Harvest of StreEEEPoccus ;ggfés CﬁO

Streptococcus lactis 010 was grown at BOOC in the medium of

Jago et al. (1971) (see Section 2.3.1). Cultures were grown in 5L
conical flasks containing 3 litres of medium without aeration. The pH
was maintained between 6.0 and 6.5 by periodic addition of 2.5 M sodium
hydroxide during growth.

The cells were harvested near the end of the logarithmic phase of
growth by centrifugation at 5,500 g for fifteen minutes at 0°C and washed
three times in 0,005 M phosphate buffer pH 7.0 containing 1% NaCl. The
washed cells were stored frozen for no longer than sixteen hours before
disruption for pyruvate kinase purification.

Unlike the L(+)—LDH, where the enzyme activity from cells frozen
for varying periods up to one month showed hardly any decline, pyruvate
kinase activity dropped by 50% after two weeks of'storage of cells in the
freezer., Storage of cells for even a few days in the freezer, while not
altering activity, appeared to render the partially purified enzyme

unstable and this trend became more noticeable with longer storage.

3.3.2 Breakage of Cells

Cells were thawed and suspended in O.O01 M phosphate buffer +
0.05% 2-mercaptoethanol (2-KE) pH 7.0 and disrupted by two passages
through an Aminco French pressure cell at 5,500 1bs per in2. Unbroken
cells and cell debris were centrifuged down at 13,000 g for fiifteen minutes

at 4°C.  All subsequent purification steps were carried out at o

J:343 Streptomycin Sulphate Treatment

Nucleic acids were precipitated from the cell-free extract by
dropwise addition of streptomycin sulphate using 3.0 cm3 of a 1% (w/v)
solution for every 100 mg protein. The resulting suspension was allowed
to stand for two hours beforc the precipitate was removed by centrifuga-

tion at 13,000 g for fifteen minutes.

%¢3e4  Ammonium Sulphate Precipitation

The supernatant after streptomycin sulphate treatment was
dialysed against 0.01 M phosphate buffer + 0.1% 2-ME pH 7.0 for fifteen

hours. Solid powdered ammonium sulphate was then added slowly over half
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an hour to bring the solution to 50% saturation and the resulting
precipitate was then removed immediately by centrifugation at 13,000 g
for fifteen minutes. The concentration of ammonium sulphate in the
supernatant was then increased to 75% saturation over half an hour. The
precipitate was collected immediately by centrifugation at 13,000 g for
fifteen minutes to be redissolved and dialysed for twenty-four hours in
0.0 M phosphate buffer + ®.1 I KC1 + 0.1% 2-ME pH 6.7.

In trial ammonium sulphate precipitations of pyruvate kinase it
was found that the enzyme precipitated in the 50 to 70% ammonium sulphate
fraction if left standing for two hours before centrifugation. However
this led to 55% loss in activity and the pyruvate kinase appeared to be
less stable during the two subsequent purification steps. Hence a 50

to 75% ammonium sulphate cut was used without any period of standing.

3+3%3«5 DEAE~-Cellulose Ion Exchange Chromatography

A. Development of suitable Ion Exchange Purification procedure

DEAE-Protion as used for L(+)-LDH purification (2.3.5)
was tested for its suitability for pyruvate kinase purification. It was
found that, to avoid overloading the iresin, the pyruvate kinase had to be
added to a relatively large volume of resin resulting in a low recovery
of pyruvate kinase activity (over AQ%). Microgranular DEAi-Cellulose
(DE 32) was used in subsequent work since with this resin smaller volumes
of resin could be used and dilution was not as great. The use of DEAE-
Cellulose allowed greater recovery of activity.

Trial gradient runs on DEAE-Cellulose were carried out
using a variety of conditions. Figure 3.3.5 is the gradient run from
which a stepwise elution procecdure for pyruvate kinase was developec.
The pyruvate kinase was eluved earlier in the gradient than LDH but with
the pyruvate kinase activity tailing into the LDH activity peak. A step-
wise DEAE-Cellulose procedure was developed to give higher specific
activity fractions free of LDH. The procedure finally adopted is as
follows:

B. Stepwise DEAE-Cellulose Purification procedure for Pyruvate
Kinase

The dialysed sample (in O.01 M phosphate buffer +
0«1 M KC1 + 0.1% 2-ME pH 6.7) from the ammonium sulphate 50 to 75%
precipitation was applied to a DEAE-Cellulose column (Diameter 45 mm x
Length 120 mm) pre-equilibrated in 0.01 M phosphate buffer + 0.1 M KC1 +
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Figure 3.3.5 DEAE-CELLULOSE — TRIAL GRADIENT RUN

KEY: m, Protein (OD2gg); O . Conductivity; @, Pyruvate Kinase Activity; A, LDH Activity.
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FRACTION NUMBER
COLUMN CONDITIONS: Column resin size — Length (15 cm); Diameter (3 cm).
Pre-equilibration of resin (DE32) in 0.02 M phosphate buffer + 0.15 M KCI + 0.05%
2—ME pH 6.7 (pre-equilibration buffer). Sample Applied — Protein (15 mg/cm3); LDH
Activity (810 units/cm3); Pyruvate Kinase Activity (80 units/mg); Volume (117 cm3);
Sample dialysed in pre-equilibration buffer. Gradient — After sample applied to column
(flow rate, 0.9 cm3/minute) the pre-equilibration buffer was used to eluate the column
(until OD2gplow) before gradient started (at fraction 46).
The gradient consisted of: Initial buffer, 220 cm3 pre-equilibration buffer; Final buffer,
220 cm3 of 0.02 M phosphate buffer + 0.5 M KCI + 0.05% 2—ME pH 6.7. Fraction size —
Fractions 0 to 40 (12 cm3); Fractions 41 to 150 (5.6 cm3).
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0.1% 2-ME pH 6.7 The column was then washed at a rate of 2 cmj/hinute
with the same buffer until the absorbance of the eluant fractions at

280 nm had dropped to zero. No pyruvate kinase activity was found in
these fractions. The pyruvate kinase was then eluted at the same flow
rate with 0.02 M phosphate buffer + 0.15 M KC1 + 0.1% 2-ME pH 6.6.

All fractions containing the pyruvate kinase at a specific activity greater
than 30 units/mg were bulked and concentrated by ultrafiltration using a
Diaflo membrane (type XM-50). The concentrated pyruvate kinase was
dialysed against 0.025 M phosphate buffer + 0.1% 2-ME pH 7.3 for fifteen

hours.

3.3,6 Gel Filtration on Biogel A 0.5 M

An aliquot of dialysed concentrated sample (in 0.025 M phosphate
buffer + 0.1% 2-ME pH 7.3) from the DEAE-Cellulose purification step was
added to a 2.5 cm x 70 cm column of packed Biogel A 0.5 M (100—2OO mesh)
resin, pre-equilibrated in (.025 M phosphate buffer + 0.1% 2-iE pH 7.3.
In any one gel filtration run, no more than 80 mg total protein in a
volume of 7 cm3 was added to the column. The void volume of the column
as calculated with glutamate dehydrogenase was 153.4 cm3 and the total
volume was 307 cm3 as calculated from the elution peak of ammonium sul-
phate. In a total of five runs, including a sample that had previously
been purified by gel filtration, the elution volume of the activity peak
was 173 to 174 cm3. Figure 3.3.6 shows a typical gel filtration
purification of pyruvate kinase. The fractions containing pyruvate kinase
with specific activity greater than 140 units/mg were bulked and concen-

trated to about 2 mg protein/cm3 by ultrafiltration. The concentrate

volume. In this way the purified enzyme was obtained in 0.0125 M
phosphate buffer pH 7.2 + 0.1% 2-ME as a 2 mg/protein/cm3 solution. Only
a small fraction of the activity was discarded and the bulk of the pyruvate
kinase activity lost in gel filtration was due to deactivation.

The result of the above purification procedure (Sections 3.3.1 to
3.3.6) is summarised in Table 3.3 for a typical purification of pyruvate
kinase. The enzyme was purified overall by 62 fold with a recovery of
2%%. 55% of the activity lost in the DEAE-Cellulose purification step

was a result of discarding fractions of low specific activity. The
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Figure 3.3.6
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FRACTION NUMBER

KEY: a, Protein (OD2g80); @, Pyruvate Kinase Activity

COLUMN CONDITIONS: Column resin size — Length (70 cm); Diameter (2.5 cm);
Resin (Biogel A 0.5 M) packed in a Pharmacia column.

Pre-equilibration of resin in 0.025 M phosphate buffer + 0.1% 2-ME pH 7.3 (pre-
equilibration buffer). Sample Applied — Specific Activity (46 units/mg); Volume

(6.8 cm3, sample containing 50 mg total protein was dialysed in pre-equilibration buffer).
Elution — Sample applied at a flow rate of 3 cm3/20 minutes and then eluted with the
pre-equilibration buffer at same flow-rate. Fraction size — 2 to 3 cm3. Fractions 67 to
70 — concentrated and dialysed (Specific activity, 162 units/mg). Fractions 71 to 74 —
concentrated and dialysed (Specific activity, 155 units/mg).
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specific activity of cell free extracts from different batches of cells
varied only slightly. The final purified sample did show some variation
in specific activity for different preparations, due to differences in the
degree of recovery. Where the ammonium sulphate purification step was a
50 to 70% cut, as mentioned in Section 3.3.L, the final specific activity
was 83 units/mg. Two other purifications following the same procedure

as for the preparation summarised in Table 3.3 gave a final specific

activity of 135 and 155 units/mg.



Summary of the purification of pyruvate kinase from S. lactis C

Table 3.3

1

o harvested from 6L of medium

Total activity Total protein Specific activity Total Percent
Purification step standard assay purification recovery
units mg units/mg factor
Cell free extract 12,800 5280 2.42 - -
Streptomycin sulphate
supernatant 13,100 5000 e 1.08 -
Ammonium sulphate 50-75%
redissolved precipitate 8,700 1640 525 2.18 68
DEAE-Cellulose bulked high
specific activity fractions 5,450 124 4.0 18.05 L2
Gel filtration bulked high
specific activity fractions 2,700 24..6 150.0 62.0 29

‘9¢ L
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2 el Studies on the Properties of the Purified Pyruvate Kinase

All studies on the properties of the pyruvate kinase, except where
specifically mentioned, were carried out using the enzyme purified to a

specific activity of between 135 to 155MU8E8/mg. The concentrated

purified enzyme from the gel filtration step.was immediately diluted to

a protein concentration of approximately 1.0 mg/cmB. The diluent con-
tained glycerol and Mg012 such that the enzyme was in a 0.005 M phosphate
buffer pH 7.0 containing 50% glycerol (v/v) + 0.005 M MgCl, + 0.1% 2-ME.
The enzyme was relatively stable in this buffer. The diluted enzyme
solution was stored in 1 cm3 samples either frozen or at AOC. The
samples stored at hoC were used within two weeks. The activity over the
two weeks remained constant. Samples stored frozen were all used within
two months of storage. The activity did not decrease over the two months
of storage and when thawed and stored at 40C the activity was constant over
a two week period. There was, however, some change in the co-operativity
properties of the enzyme which will be described in more detail in later
sections.

3

All kinetic assays used O.1 cm” of the purified enzyme in the
stabilizing buffer described above which was diluted at least by 1:20

with a 20% glycerol/deionisecd distilled water solution (v/ﬁ) at OOC. The
enzyme diluted in 20% glyccrol was stable for ten hours but, when assayed
24-30 hours after initial dilution, activity had dropped by 20 to 30h.
Therefore the diluted enzyme was not used for periods of longer than ten
hours after dilution. The 2ilution of 1:20 ensured that the effects of
phosphate ions, 2-ME or MgCl2 on kinetic studies were negligible since the
concentrations of these substances in the final assay system would be
insignificant. " It was shown that the glycerol introduced into the standard
assay system by addition of the diluted enzyme did not affect activity since
further addition of 0.3 cm3 of a 50% glycerol/water solution to the assay
mixtere did not alter activity. For the different assay conditions, the
purified pyruvate kinase appeared to be completely stable over the assay
period (up to six minutes).

It was also established that the LDH present in the assay system was
not rate-limiting. LDH was present in large excess in the standard assay
system but under conditions of pH extremes (when determining the pH profile)
or in the presence of inhibitors, which might affect the LDH as well as
pyruvate kinase, it is possible that the LDH could become limiting.

However, under such conditions it was shown that addition of a 2 fola
excess of LDH did not alter the rate.
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3441 Polyacrylamide Disc Gel Electrophoresis

Polyacrylamide disc gel electrophoresis was carried out on the
purified pyruvate kinase sample (specific activity 155 unita/mg). The
gels were run in tris/glycine (3 g tris/14.4 g glycine/litre distilled
water) buffer pH 8.3. In Figure 3.4.1 the photograph shows that the
purified pyruvate kinase runs as one major protein band (gel 1) with only
very faint minor bands present. Gel 2 shows that the clear band signify-
ing pyruvate kinase activity corresponds to the major protein stain of
gel 1. The activity stain was allowed to develop for sixty minutes in
gel 2. If either PEP or ADP was omitted from the activity mixture no
pyruvate kinase activity band was visible even after two hours of develop-
ment. When FDP was left out from the activity mixture, the activity stain
was only just visible if developed for sixty minutes but had the same
intensity as with FDP prcsent if the gel was allowed to remain in the
activity mixture for 2% hours. Hence the activity stain appears to be

specific for pyruvate kinase.

deliel el Sodium dodecyl sulphate polyacrylamide disc gel electrophoresis

Sodium dodecyl sulphate (sps) polyacrylamide disc gel electrophoresis
was carried out on the same purified pyruvate kinase sample as a further
means of demonstrating the purity of the pyruvate kinase and to determine
its subunit molecular weight. Three separate runs were carried out, each
with two SDS treeted pyruvate kinase samples and a series of standard
proteins (SDS treated) of known subunit molecular weight. The relative
mobilities of the standard proteins and pyruvate kinase were calculated
by the method of Weber and Osborn (1969). By plotting the relative
mobilities of the standard proteins against the log of their molecular
weight, a standard curve was obtained from which the pyruvate kinase
molecular weight could be read off. Such a standard curve is shown in
Figure 3.4.1.1a where the points for each of the standard proteins
represent the average relative mobility from the three separate runs.

From the relative mobilities of six gel samples the average value obtained
for the pyruvate kinase subunit molecular weight was 60,750. Values
frem individual gels ranged from 59,000 to 62,000.

Figure 2.4.1.1b shows three SDS polyacrylamide gels run with 20,

30 and 50 pug (from left to right) of purified pyruvate kinase and then
stained for protein. One ma jor band of protein is evident and additional
faint minor protein stains appear only when the gel is loaded with 50 ug

of the purified pyruvate kinasc.
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Figure 3.4.1.1a

SDS POLYACRYLAMIDE DISC GEL ELECTROPHORESIS: STANDARD CURVE
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The standard curve shown was obtained by plotting the relative mobilities (calculated by
method of Weber and Osborn , 1969) of the standard proteins against log of their molecular
weight. The point for each standard protein represents the average relative mobilities from
three separate runs. The arrow indicates the average relative mobility of the S. lactis .
pyruvate kinase from 6 gel samples and this position corresponds to a molecular weight of
60, 750. The standard proteins are: Bovine Serum Albumin (Fluka); Catalase (Bovine liver,
Sigma); Glutamate Dehydrogenase (Type | Bovine liver, Sigma); Ovalbumin (Sigma);
Aldolase (Rabbit muscle, Sigma); Lactate Dehydrogenase (Rabbit muscle type Il, Sigma);
Carboxypeptidase A (Bovine pancreas, Sigma). The molecular weights of the standard pro-
teins were obtained from Weber and Osborn (1969). 20 ug of each of the standard proteins
was used.



Figure 3.4.1

Polyacrylamide Disc Gel Electrophoresis

The gels were run in tris/glycine buffer pH 8.3. LO pg
of the purified pyruvate kinase sample was added to each

gel. The gels are numbered from left to right.

Gel 1 Protein stain

Gel 2 Pyruvate kinase activity stain

Figure 3.4.1.1Db

SDS Polyacrylamide Disc Gel Electrophoresis

The purified pyruvate kinase samples, denatured with SDS,
were run in the conditions as described by Weber and
Osborn (1969). The gels are numbered from left to right.
The SDS treated samples were loaded on to the gels in the
following concentrations: gel 1 (20 pg); gel 2 (30 pg)
and gel 3 (50 pg).



140



14 .

Thus the evidence from polyacrylamide gel electrophoresis of
both the active enzyme and the SDS treated enzyme indicates that the

pyruvate kinase from S. lactis C 0 has been purified to near homogeneity.

1

3.442 Molecular Weight Determination of Pyruvate Kinase by Equilibrium

Sedimentation

The S. lactis C10 pyruvate kinase sample used for the molecular
weight determination was a solution with a specific activity of 155 units/mg
(1.35 mg Protein/cmj) in 25 mM phosphate buffer (KHZPOA/NaOH) + 0.05% 2-ME,
pH 7.5. The Beckman Model L Analytical Ultracentrifuge with an A.n.D.
Rotor was used. Dr J.W. Lyttleton of the Applied Biochemistry Division,
D.S.I.R., Palmerston North, did the ultracentrifuge run on the S. lactis
C1O pyruvate kinase sample. The "Long~Column Meniscus Depletion Sedimenta-
tion Equilibrium Technique" described by Chervenka (1970) was used where
equilibrium is reached overnight. The fringe patterns were photographed
on to glass plates. The developed plates were placed under a travelling
microscope and sufficient readings were taken to allow a plot of log £y
versus r2 to be made (symbols as in the formula of Chervenka, 1970).

In Figure 3.4.2 a plot of log <\y versus r2 is shown obtained from
a pyruvate kinase run. The slope of this plot gives, using the formula
of Chervenka, a molecular weight for pyruvate kinase of 235,140, The
linearity of the log . y versus r2 plot is further indication of the
purity of the pyruvate kinase sample.

Thus from equilibrium sedimentation studies of the purified
S. lactis pyruvate kinase the molecular weight of the native protein is
235,000. The subunit molecular weight, as determined by SDS poly-
acrylamide disc gel electrophoresis is 60,750. Therefore these two
results suggest that the pyruvate kinase from S. lactis C10 exists as a
tetrameric enzyme of subunit molecular weight of 60,750. Similar tetra-
meric structures for pyruvate kinases from other sources have been reported.

The FDP-activated pyruwate kinase from E. coli (Waygood and Sanwal,
1974) has a molecular weight of 240,000 and a subunit molecular weight of
60,000, The molecular weights of the pyruvate kinase from rabbit muscle
(Steinmetz and Deal, 1966) and rat liver (Tanaka et al., 1967) are similar
to the E. coli enzyme. The yeast pyruvate kinase also exists as a tetra-

meric structure. Kuczenski and Suelter (1970) showed that the Saccharomyces

cerevisiae pyruvate kinase had a molecular weight of 167,000 and a subunit
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Figure 3.4.2
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molecular weight of 42,000.Bormann et g;.(1974) reported for the yeast,

Saccharomyces carlsbergensis, molecular weights of 190,000 and 4&,000

for the native protein and the subunit of pyruvate kinase.

The pyruvate kinase-II from S. faecalis (Wittenberger et al.,
1973), which is activated by FDP, was reported in a preliminary
communication to have a molecular weight of 100,000. This is
apparently a much smaller enzyme than the FDP-activated pyruvate
kinase from S. lactis C1O (molecular weight of 235,000).

3443 Effect of pH and Buffer Components on Pyruvate Kinase Activity

The activity of S. lactis qu pyruvate kinase over a pH range in
80 mM triethanolamine/HC1l, 80 mM tris/maleate, 80 mM imidazole/HCl and
80 mM phosphate buffer was investigated under otherwise standard assay
conditions.

The optimum pH in triethanolamine/HCl buffer was 7.5 (Figure
3.4.32). The activity in imidazole/HCl buffer was slightly less than
in triethanolamine/HC1 buffer particularly at pH values on the acid side
of the pH optimum. The pyruvate kinases from B. licheniformis
(Twominen and Bernlohr, 1971b), E. coli (Maeba and Sanwal, 1968) and

S. lactis ML3 (Collins and Thomas, 1974) are reported to have a broad pH
optimum in the region of 7.0 to 7.5, similar to that obtained for

S. lactis C1O' The mammalian L type enzyme (Bailey et al., 1968) also
has a similar pH optimum of 7.C to 7.5, wherease the yeast enzyme
(Hunsley and Suelter, 1969) has a pH optimum of 6.2.

In 80 mM tris/malcate buffer the pyruvate kinase activity was
greatly inhibited so the separate effects of maleic acid and tris on
activity were investigated. Maleic acid or tris was added in different
concentrations to the standard assay system (in triethanolamine/HC1 buffer).
Since inhibition by both compounds was a sigmoidal function of concentra-
tion, results are shown in Figure 3.4.3b as Hill plots. The Tris 0.5T
value (the concentration of tris required to give 50% inhibition of

activity) is 22 mM and maleic acid is ohly slightly higher at 30 mM.

0.51
Tris and maleic acid both give biphasic Hill plots. At higher concentra-
tions the Hill interaction coefficient (nH) of =3.0 indicates that both

inhibitors are acting in a co-operative manner. The pyruvate kinases
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The effect of pH on pyruvate kinase activity is shown in triethanolamine/HC1 buffer (@)
and in imidazole/HC| buffer (m). The reaction mixture contained (in a total volume of
3 cm3): 80 mM buffer; 1 mM PEP: 3.3 mM ADP: 1 mM FDP; 3.3 mM MgCi2; 13.3
mM KCI and 0.1 cm3 of diluted enzyme. The pHs of the two buffers used in the
reaction mixture were varied as shown in the Figure.

Figure3.4.3b HILL PLOTS SHOWING TRIS, MALEATE AND PHOSPHATE
INHIBITION
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The Hill plots (log v/Vmax-v versus log inhibitor concentration) are shown for the inhib-
itors: Tris (m); Maleate (a ) and Phosphate (®). The reaction mixture contained (in a
total volume of 3 cm3): 80 mM triethanolamine/HCI buffer pH 7.5; 1 mM PEP; 3.3

mM ADP: 1 mM FOP; 3.3 mM MgCI2; 13.3 mM KCI and 0.1 cm3 of diluted enzyme.

The inhibitor concentrations were varied as shown in the Figure. The inhibitors were
adjusted to pH 7.5 with the tri ine/HC! buffer
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of B. licheniformis (Tuominen and Bernlohr, 1971b) and of rabbit muscle
(Betts and Evans, 1968) have been reported to be slightly inhibited by
tris but to a much lesser extent than found for the S. lactis C10 pyruvate
kinase.

Pyruvate kinase activity was not detectable in 80 mil phosphate
buffer. Inhibition by phosphate (KH2P04) was studied by varying the
phosphate concentration present in the standard assay system. The Hill
plot of phosphate inhibition, in Figure 3.4.3b, shows that phosphate acts
as a co-operative inhibitor (nH = -=3,0) over the whole range of phosphate
concentrations tried and the concgntration of phosphate giving 5%
inhibition of activity is 0.65 mM, a value significantly lower than for
tris or maleate. Inorganic pliosphate was found to be a potent inhibitor
of pyruvate kinase from S. lactis ML (Collins and Thomas, 1974) and from

3
B. licheniformis (Tuominen and Bernlohr, 1971b). On the other hand

Flory et al. (1974) showed that the rat liver pyruvate kinase type L was
not inhibited by 50 mM phosphate. Koster and Hulsmann (1970) studied the
L-type pyruvate kinase from rat liver and Staal et al. (1971) studied the
human erythrocyte enzyme. Both groups of workers found that inorganic
phosphate and phosphorylated hexoses were allosteric activators of the

two enzymes. This activation efi'ect of inorganic phosphate on two
mammalian pyruvate kinases (I-type) is in marked contrast to the inhibition
of the S. lactis pyruvate kinase by phosphate.

All further properties of S. lactis C10 pyruvate kinase were
studied in triethanolamine/HC1 buffer pH 7.5, unless otherwise mentioned.
Since the inhibition effect of phosphate could be of possible physio-
logical significance it was further investigated as described in a later

section.

3., FDP-Activation and the Effect of PEP, ADP and Mg''/k*

Concentrations on I'DP-Activetion.

One of the reasons for studying the S. lactis C1O pyruvate kinase
was to investigate the FDP requirement of the enzyme and compare it to
the FDP requirement of the I(+)-LDH from S. lactis C10 studied in Section
2 of this thesis. Therefore the FDP-activation of the pyruvetc kinase
was studied under a varicty of conditions. The conditions included
different PEP, ADP and Kf/Mg++ concentrations. That these factors can

markedly influence the FDP-activation is evident from the literature.
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For example, recent studies on the pyruvate kinase (L-type) from
yeast (Johannes and Hess, 1973), erythrocytes (Garreau and Buc-Temkine,
1972) and rat liver (Van Berkel et al., 1974) have shown that the affinity
of the enzyme for FDP is altered by an increase in the PEP concentration.
Van Berkel et al. (1974) studied the rat liver pyruvate kinase at different
PEP concentrations and at physiological concentrations of MgATP and alanine
and concluded that FDP is the only effective activator in vivo. This
conclusion was in direct contrast to that of Koster et al. (1972) who con-
cluded that pyruvate kinase activity was not regulated in vivo by FDP.

This latter work was done at high PEP concentration and in the absence of
MgATP and alanine. Therefore the importance of studying the kinetic
parameters under a wide range of conditions is evident.

Throughout the work on S. lactis C10 pyruvate kinase reported in
this section the tetrasodium salt of FDP has been used. The importance of
using this salt in preference to the tetracyclohexammonium salt is

discussed fully in Appendix 7./..1 at the end of the thesis.

3uliediet The effect of PEP concentrations on FDP-activation

FDP concentration was varied at four different PEP concentrations
under otherwise standard assay conditions (80 mM triethanolamine/HC1
buffer pH 7.5, 3.3 mM ADP, 13.3 mM KC1 and 3.3 mM MgClz). Figure 3.4.4.12
shows that the pyruvate kinase activity was a sigmoidal function of FDP
concentration at the four PEP concentrations. Hill plots of the same
data are shown in Figure 3.4.4.1Db. The Hill interaction coefficient
(nH = 2.5 to 2.6) is not altered significantly by varying the PEP concentra-
tion. However decreasing the PEP concentration from 1.0 to 0.2 mM
increases the FDP 0.5V value from 0.,16 to 0.29 mM, Pyruvate kinase had
an absolute requirement for FDP for activity at the four PEP concentrations

used.

3l ohe2 The effect of ADP and Mg+f/K+ concentrations on FDP-activation

FDP was varied at four different ADP concentrations under otherwise
standard assay conditions (13.3 mM KCl, 3.3 mM MgCl2 and 1 oM PEP).
The FDP concentration was also varied at three different ADP concentra-
tions at an increased cation concentration, i.e. using 80 mM KCl rather
than 13.3 mM and 8 mM MgCl2 rather than 3.3 mM. The data were plotted
as Hill plots and the results obtained from these are summarised in
Table 3el4ele2.
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The relationship between the pyruvate kinase activity (v, units/cm3) of $. lactis C10 and
FDP concentration (mM FDP), at four different concentrations of PEP, is shown in
Figurea. Figureb is a Hill plot (109 v/V max -v versus log FDP) of the data shown in
Figure a. The Vmax values used in the Hill plots were the respective activities at 1 mM
FDP. The reaction mixture contained (in a total volume of 3 cm3): 80 mM triethanol-
amine/HCI buffer pH 7.5; 3.3 mM ADP; 3.3 mM MgCi2; 13.3 mM KCl and 0.1 cm3 of
diluted enzyme. The FDP concentrations were varied as shown in the Figures at four
different PEP concentrations. The four different PEP concentrations are: ®, 1 mM PEP;
@, 0.6 mM PEP: 4, 0.4 mM PEP; O, 0.2 mM PEP.
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Table 3 oll- oll-o 2
The effect of ADP and Mg*t/k'

concentrifions on FDP activatiaon

The IDP concentration was varied at four different ADP concen-
trations at otherwise standard assay conditions: 80 mM triethanolamine/
HC1 buffer pH 7.5; 13.3 oM KC1/3.3 mM MgClz; 1 mM PEP and 0.1 cm3
diluted enzyme. The FDP concentration was also varied at threc different
ADP concentrations in the presence of an increased caticn concentration of
80 mM KCl and 8 mM MgClZ. The data were plotted as Hill plots and the
results obtazined from these are summarised below. The Vmax values
used in the Hill plots were obtained from the y intercepts of double

reciprocal plots.

ADP concentration anx Hill interaction coefficient FDP 0.5V

(mM) (units/cmB) (nH) (mM)
At 13,3 mM KC1/3.3 mM MgCl,

6.67 58.0 1.90 0.30

3'33 85-0 1095 0016

1.00 56.0 1.90 0.08

0.30 26.0 1.90 0.07
At 80 oM KC1/8 mM MgCl,

6.67 140.0 1.85 0.13

1.00 130.0 1.85 0.12

0.30 72.0 1.85 0.10
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The Hill interaction coefficient (nH) for FDP-activation at all
ADP concentrations and with the two different KCl/Mg012 concentrations
had a constant value of 1.9 g 0.05. This indicates that the co-
opcerativity of FDP-activation is independent of ADP or KCl/MgCl2
concentrations. However the . of 1.9 differs from the value reported
in Section 3.4.4.1 where nH was found to be 2.5 to 2.6. A possible
explanation is that although the two sets of data were determined on the
same enzyme sample, the data for the plots shown in Figure 3.4.4.1b were
determined on freshly purified enzyme whereas the data given in Table
3.4.4,.2 were determined on the same cnzyme sample stored in the refrig-
erator for one week. The oy for FDP-activation did not show any further
significant decrease below 1.9 over longer periods of up to two months.
This explanation was supported by results obtained from another pyruvate
kinase preparation having a Hill interaction coefficient of 2.7 when a
freshly purified sample was used,and ten days later when similar
determinations were made the Hill interaction coefficient for FDP wes 2.0.

At the low metal ion concentrations of 13.3 mM KC1/3.3 mM MgCl2
the FDP 0.5V values decredsed with decreasing ADP concentrations (c.f. the
opposite effect of PEP concentration on FDP activation). The high ADP
concentration of 6.7 mM (where Vﬁax = 58 units/cmE) appeared to inhibit
activity since Vﬁax at 3.3 mM 4ADP was 85.0 units/cmi. The use of higher
K+/Mg++ concentration abolished the large differences in the FDP 0.5V
values at the different ADP concentration although the same general trend
was apparent. It should b¢ noted that at the high metal ion concentration
a very low level of activity was detectable in the absence of FDP.

The results obtained in the present study are in general agrcement
with the findings of Collins and Thomas (1974) for the pyruvate kinase
of S. lactis ML3 except for the effect of ADP on activity. Thus they
found that decreasing PEP concentration increased the FDP 0.5V value.
They obtained a value for I'DP 0.5V of 0.07 mM FDP at 2 mM PEP which can
be compared with the value of O,13 mM FDP at 1 mM PEP obtained in the
present study. However, they found that decreasing ADP concentration
also increased the FDP 0.5V value whereas in the present study the reverse
trend was found, particularly at the low metal ion concentration. In view
of these conflicting findings on the pyruvate kinases of closely related
organisms the interaction of metal ion concentration and ADP concentration

on pyruvate kinase activity was further investigated in later sections.
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Comparison of results obtained in the present study with those
obtained from the pyruvate kinases of other organisms reveals a
significant difference in the dependence of FDP activation on PEP
concentration. Both the FDP-activated pyruvate kinase of E. coli
(Waygood and Sanwal, 1974) and the L-type pyruvate kinase of rat liver
(Taylor and Bailey, 1967; Van Berkel et al., 1974 ) show a transition
from & sigmoidal response to FDP at low PEP concentration to a hyperbolic

response to FDP at high PEP concentration. The S. lactis C 0 pyruvate

kinase activity showed a sigmoidal response to FDP over the ;hole range
of PEP concentrations used and the interaction coefficient did not change
significantly over this range. Furthermore the E. coli pyruvate kinase
and the mammalian enzymes (L—type) showed some activity in the absence of
FDP while under comparable conditions with S. lactis C1o pyruvate kinase
showed no activity in the absence of FDP except for very slight activity
at thc high metal ion concenvration. The pyruvate kinase from S. lactis
ML3 studied by Collins and Thomzs (41974) did show activity in the absence
of FDP, but they used higher concentrations of PEP than were used in the
present study and used the high metal ion concentration. In the absence

of ¥DP the S. lactis ML, enzymc showed only slight activity at 2 mM PEP

3

and increased in activity with increasing PEP concentrations, up "o

8.0 mM PEP.

Jeke5 Response of Pyruvate Kinase to Varying PEP Concentrations

Jelia5 e The effect of FDP and Kt/Mgf+ concentration on the response

to varying PcP concentration

Figures 3.4.5.1a, b, ¢ and d show the relationship between pyruvate
kinase activity and PEP concentration at different concentrations of FDP.
The relationship was studied at two K+/Mg++ concentrations. Activity
showed a sigmoidal response to increasing PEP concentration although the
extent of the sigmoidal character was dependent on the FDP concentration.
The PEP requirement for half maximum activity (PEP O.SV) was essentially
the same at the two different K+/Mg++ concentrations used. At both metal
ion concentrations decreasing the FDP concentration from 1.0 to 0O¢15 mM
increased both the PEP values and the n, values and decreased the

0.5V

Vmax values. The difference between the two metal ion concentrations

was that the higher metal ion concentration increased the reaction
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The relationship between the pyruvate kinase activity (v, units/cm3) of S. lactis C10 and
PEP concentration (mM PEP) with different concenwrations of FDP and at two different
metal ion concentrations, is shown in Figure a (13.3 mM KCI, 3.3 mM MgCI2) and Figure
b (80 mM KCI, 8 mM MgCI2). Figures c and d are Hill plots (log v/V max -v versus log
PEP) of the data shown in Figure a and Figure b, respectively. The Vmax values used in
the Hill plots were obtained from the y intercepts of double reciprocal plots. The react-
ion mixture contained (in a total volume of 3 cm3): 80 mM triethanolamine/HC! buffer
pH 7.5; 3.3 mM ADP and 0.1 cm3 of diluted enzyme. The PEP concentrations were
varied as shown in the Figures at different FDP concentrations and at two different
metal ion concentrations. The different FDP concentrations are: @, 1 mM FDP; a4,
0.4 mM FDP; g, 0.256 mM FDP; O, 0.15 mM FDP.
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velocity approximately 2 fold and suppressed the sigmoidal nature of
the saturation curve to a certain extent.

The finding that FDP affects the nature of the PEP saturation
curve, changing it to a progressively less sigmoidal form as the FDP
concentration is raised appears to be a general trend for all FDP-
activated pyruvate kinases., Thus the same trend has been found for

S. lactis ML, pyruvate kinase (Collins and Thomas, 1974), E. coli pyruvate

kinase (Waygiod and Sanwal, 1974) and mammalian type-L pyruvate kinase
(Carminatti et al., 1968; Rozengurt et 2l., 1969 and Irving and Williams,
1973).

Although the form of response to varying PEP is thus similar for
pyruvate kinases (FDP-activated) from most organisms, the concentration

of PEP required for half maximum velocity (PEP shows some

O.SV)
difference from one organism to another. Results for other FDP-

activated pyruvate kinases are tabulated below.

Source of pyruvate kinase PEP 0.5V Reflerence

Liver type-L

no FDP 0.6 mM Taylor and Bailey (1967)
Fully saturating FDF 0.06 mM
E. ooli
no FDP L mM Waygood and Sanwal (1974)
Fully saturating FDP 0.03 mM
S. lactis ML3
no FDP 4 mM Collins and Thomas (197.)
Fully saturating FDP O.14 mM

A very brief report on the FDP activated pyruvate kinase from

S. faecalis (Wittenberger et al., 1973, available in abstract form only)

gives a PEP 0.5V value of 0.4 mM, presumably at saturating FDP,
The PEP 0.5V value for the fully activated S. lactis C10 pyruvate

kinase (0.11 mM) agrees fairly well with that obtained by Collins and
Thomas (1974), (0,14 mM PEP). Since very little activity was detectable

with the S. lactis g

without FDP present was not obtained. At the lowest concentration of

FDP used the PEP 0.5v was 0,38 mM,

0 pyruvate kinase in the absence of FDP, a figure
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Aoy o522 The effect of ADP and Kﬁ+_/'Mg++ concentration on PEP activation

The relationships between the activity of S. lactis C yruvate

b
kinase and PEP concentration at different concentrations of lgP, and at
two different K+/Mg++ concentrations, are summarised in Table 3.4.5.2.

The effect of ADP and K'/Mg®™" concentrations on PEP activation is
similar to the effect of these compounds on FDP activation (see Section
3.4.4.2). At low metal ion concentrations, increasing ADP decreased the
affinity for PEP (c.f. Collins and Thomas, 1974). Thus the FEP 0.5V
value dropped from 0.21 to O.i1 mM as the ADP concentration was decreased
from 6.67 mM to O.3 mM. ‘The highest ADP concentration used (6.67 mM)
inhibited activity at all PEP concentrations. Varying ADP had no effect
on the Hill interaction coefficient for PEP binding which was 1.4 at all
ADP levels.

In view of the difference between the effect of ADP on PEP binding
in this work and in the study of Collins and Thomas (1974) on S. lactis ML3
pyruvate kinase, the effect of ADP was investigated at the high metal ion
concentration used by these workers.,

In the presence of high metal ion concentration, again the highest
ADP concentration (6.67 mi) used resulted in an increase in the PEP 0.5V
value (although it did not inhibit Vﬁax as occurred at low metal ion
concentrations). However over a lower ADP range (from 1.0 to 0.3 mM) the

P value did increasec with decreasing ADP as found by Collins and

P 0.5v
Thomas @974). As in the presence of the low metal ion concentration,
varying ADP does not affcct the Hill interaction coefficient for PEP.

The enzyme did show slight sigmoidal behaviour in response to vary-
ing PEP at the low metal concentration (nH = 1.4), but no sigmoidal
behaviour was evident at the high metal concentration (nH =1.0). The
sigmoidal nature of PEP binding was independent of the ADP concentration.
In Section 3.4.5.1, the sigmoidal binding of PEP was shown to be markedly
dependent on the FDP concentration and to a lesser extent on the metal ion
concentration. Therefore it can be concluded that PEP will show positive
co-operative binding to the pyruvate kinase of S. lactis if the FDP con-
centration is significantly lower than the saturating concentration and to
a lesser extent, if the metal ion concentration is less than saturating.
ADP concentration on the other hand does not effect the co-operativity
of binding of PEP.
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Table 3.4.5.2
The effect of ADP and Mg't/k*

concentrations on PEP activation

The PEP concentration was varied at four different ADP con-
centrations at otherwise standard assay conditions: 80 mM triethanolamine/
HC1 buffer pH 7.5; 13.3 mM KCL/3.3 oM MgCly; 1 mM FDP and O.1 an
diluted enzyme. The PEP concentration was also varied at three different
ADP concentrations in the presence of an increased cation concentration of
80 mM KC1l and 8 mM MgClZ. The data were plotted as Hill plois and the
results obtained from these are summarised below. The Vme valucs used
in the Hill plots were obtained from the y intercepts of double reciprocal

plots.

ADP concentration \' Hill interaction coefficient PEP
nax O . 5V

(mM) (units/cuj) (nH) o)

At 13.3 oM KC1/3.3 oM MgCl,

6.67 96.0 1.4 0.21
3.33 110.0 1o Outl
1.00 95.0 1ol 0.11
0.30 60.0 1.4 0.11

At 80 oM KC1/8 nM MgCl2

6.67 270.0 0.95 0.19
1.00 130.0 1.0 0410
0.30 83.0 1.0 0.15
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%.4.6 Response of Pyruvate Kinase to Varying ADP Concentration

An important consideration when studying the kinetic response of
pyruvate kinase to varying ADP concentrations is whether ADP is binding
as ADP Mg, B0 B a conbieen B kne by Boes.,  [CloTmm (1967) has
stated that the nucleoside di- and tri-phosphates always react in the
form of their bivalent metal-ion complexes. This does not seem certain
however, for Macfarlane and Ainsworth (1972) have concluded that free
ADP alone is the nucleotide substrate of yeast pyruvate kinase. They
showed that the reaction mechanism is an ordered Tri Bi mechanism
(Cleland, 1963). The substrates bind in the order of PEP, ADP and Mg++
and direct phosphoryl transfer takes place in the quaternary complex
with pyruvate being released before MgATP. Macfarlane and Ainsworth
point out that such a reaction mechanism provides an understanding of
the sequence of events at the active site. "In solution Mg++ is bound
between the - and jB-phosphate groups of ADP and the /i- and X-groups
of ATP (Cohn and Hughes, 1960, 1962; Hamms et al., 1961). Thus if MgADP
were to be a substrate there would be some difficulty in explaining the
shift in position of Mg++ during reaction. However, the separate binding
of Mg++ readily suggests that that cation bridges the phosphate group of
phosphoenolpyruvate and the terminal phosphate group of ADP, assisting the
phosphorylation of the latter, and ultimately being eliminated bound
between the F=- and 2-phosphate groups of ATP."

The same workers, in studying the kinetics of the rabbit muscle
pyruvate kinase (Ainsworth and Macfarlane, 1973), demonstrated a different
kinetic mechanism, but, again concluded that ADPJ—, and not MgADP , was
the nucleotide substrate. Their experimental results indicate that
"... the reaction mechanism is equilibrium random-order in type and that
the substrates and products are PEP, ADP, Mg++, pyruvate and MgATP". On
the other hand, Mildvan and Cohn (1966) also studying the rabbit muscle
pyruvate kinase reaction but with Mn*t* replacing Mg++ suggested that
ADP binds to the enzyme in a combination of the two forms (i.e. ADP5-
and MnADP ).

It is apparent that the form .in which ADP binds is still uncertain
with conflicting evidence even for pyruvate kinase from the same source.
Consequently in the kinetic studies of pyruvate kinase form S. lactis C10

the concentrations of the nucleotide will be expressed as simply ADP.
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This use of the term "ADP" implies that the active species of the

adenine dinucleotide is unknown and may be ADPj_, MgADP— or a combination
of' the two. From the diversc and often conflicting results concerning
the reaction mechanism, if is evident that only very intensive studies
can establish the mechanism with any degree of certainty. Since the
elucidation of the reaction mechanism was not one of the aims of the
present study it was considered that the use of the term "ADP" was

adequate.

3 elhebel The effect of FDP concentration on ADP binding to the S. lactis
ST

pyruvate kinase

Figure 3.4.6.1 shows the relationship between pyruvate kinase
activity and ADP concentration at three different concentrations of FDP
using otherwise standard assay conditions. The relationship is shown
as Hill plots where log V/vhaxdv is plotted against log ADP.

The relationship between pyruvate kinase activity and ADP con-
centration changes from normal Michaelis-Menten kinetics to allosteric
kinetics when the FDP concentretion is sufficiently low; the Ny value
for ADP binding is 1.0 at FDP concentrations of 1.0 and 0.25 mbM, but at
O+t mM FDP the n, value increases to 1.5. Hence at low FDP concentrations,
ADP can bind to the enzyme in a positive co-operative manner. This appears
to be a distinctive property of the pyruvate kinase from S. lactis, as all
other pyruvate kinases shovw normal Michaelis-Menten kinetics under all
conditions, e.g. rat liver L-type (Carminatti et gi.,'1968); E. coli,

FDP activated enzyme (Waygood and Sanwal, 1974).

This co-operativity of ADP binding is however much weakor than
the co-operativity of PEP binding at comparable FDP concentrations (c.f.
Figures 3.4.5.1 and 3.4.6.1). For example at a FDP concentration of
0«25 mM the PEP binds to give a IIill interaction coefficient value of
1.7, whereas under similar conditions and at the same FDP concentration
ADP binds in a non-allosteric manner as the Hill interaction coefficient
is 1.:0. Collins and Thomas (1974) found a similar relationship for the
pyruvate kinase of S. lactis ML3 in that the co-operative interaction of
ADP with the enzyme was less than that of PEP at comparable levels of

FDP concentrations.
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As the concentration of FDP is decreased the ADP concentration

required to give half maximum activity (ADP ) increases slightly from

0.5V
1.3 mM (FDP = 1.0 mM) to 2.4 oM ADP (FDP = 0.1 mM), which is similar to
the effect of FDP concentration on the PEP 0.5V values (Section 3.4.5.1).

ADP inhibition was evident at higher ADP concentrations at all three
FDP levels. The Vmax values used for calculating the Hill plot values
were obtained by linear extrapolation of the Lineweaver-Burk plots to

the 1/v axis.

3.4.6.2  The effect of PEP concentrations on ADP binding

Figure 3.4.6.2a shows the relationship between the pyruvate kinase
activity and ADP concentrations with five different PEP concentrations
using otherwise standard assay conditions (FDP concentration for all
determinations was 1.0 mM). The double reciprocal plots, at each PEP
concentration, give a family or lines, intersecting on or near the x axis
to give a KM of 1.2 to 1.3 mM ADP. The secondary plot, a double reciprocal
plot of the apparent V_ _, obtained from the plots of Figure 3.4.6.2a,
versus the respective PEP concentration, is shown in Figure 3.4.6.2b.

The KM for PEP obhtained-frow. this.secondaryplot is 0.13 mM PEP., At all

concentrations - of PEP used the reciprocal plots showed no indication of a
sigmoidal relationship between reaction velocity and- ADP concentrations.

Hill plots, using the same data, all gave Ny values of 1.0 to 1.1,

Collins and Thomas (1974) found for the S. lactis If 3 pyruvate kinase
that the KM values for PEP and ADP in the presence of 2 mi ADP were 0O.17 and
1 mM, respectively; these values compare well with the values obtained for
the S. lactis C1O pyruvate kinase (0s13 mM PEP and 1.2 to 1.3 mM ADP).

Pyruvate kinases from mammalian sources tend to have lower KM
values for ADP, e.g. 0.2 to O.4 mM for rat liver, L-type pyruvatc kinase
(Carminatti et al., 19635). The pyruvate kinase from K. coli also has a
lower K for ADP (0e24 mif) at saturating FDP.
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Figure 3.4.6.1
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The relationshii the py kinase activity (v) of S, lactis C10 and ADP con-

centration, at three different concentrations of FDP, is shown in the Figure as a Hill plot
(log v/Vmax -v versus log ADP). The reaction mixture contained (in a total volume of

3 cm3): 80 mM triethanolamine/HCI buffer pH 7.5; 1.0 mM PEP; 13.3 mM KCI; 3.3
mM MgCI2 and 0.1 cm3 of diluted y The ADP ions were varied as
shown in the Figure at three different FDP concentrations. The three different FDP con-
centrations are: ®, 1 mM FDP; g, 0.25 mM FDP: O, 0.1 mM FDP. The Vpax values
used for calculating the Hill plot values were obtained by linear extr ion of the
Linewsaver-Burk plots to the 1/v axis.

Figure 3.4.6.2: aand b
EFFECT OF PEP CONCENTRATION ON ADP BINDING

Figuwea  ADP Binding Figure b PEP Binding
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The reaction mixture contained (in a total volume of 3 cm3): 80 mM triethanolamine/
HCI buffer pH 7.5; 1.0 mM FDP; 13.3 mM KCI; 3.3 mM MgCli2 end 0.1 cm3 diluted
enzyme. The ADP concentrations were varied as shown in Figure a, at 5 different PEP
concentrations. Figure a (Lineweaver-Burk plot) is a plot of the reciprocal of the pyru-
vata kinase activity (v, units/cm3) versus the recipr of ADP ation. Figureb

is a sacondary plot of the data in Figure a where the reciprocal of the Vimax values (deter-
mined from Figure a) are ploteed against the reciprocal of the 5 respactive PEP
concentrations.
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. b o s
3.4.7 The Effect of Guanosine 5 =Diphosphate (GDP) oqﬁgl lactis 010

Pyruvate Kinase Activity

Waygood and Sanwal (1974) in studying the E. coli pyruvate kinase,
activated by FDP, found that the nucleotides, ADP, GDP, UDP, IDP and
CDP can act as phosphate acceptors in the reaction, and of these GDP
had the lowest K value (0,05 mM) c.f. ADP with a K of 0,24 mi. Though
GDP was the best phosphate acceptor, it did show substrate inhibition at
levels higher than 0.04 to 0.05 mM. IDP and CDP also showed substrate
inhibition but only at concentrations higher than 2 mM. The remcining
nucleotides, ADP and UDP, gave no inhibition up to concentrations of 10 mif.
In view of these findings for the E. coli enzyme it was decided to
investigate the activity of the S. lactis C10 pyruvate kinase when GDP
was used as the phosphate acceptor of the reaction.

The GDP concentration was varied in thc standard assay system
(4 mM PEP, 1.0 mM FDP, 80 mM triethanolamine/HC1l buffer pil 7.5 and 13.3 mM
KC1/3.33 mM MgClz). Sorie activity was obtained in the absence of FDP but
the activity with 1.0 o} GDP in the absence of FDP was only 5% of that
obtained when 1 mM IDP was present. In Iigure 3.4.72 and b the relation-
ship between pyruvate kinasc activity and GDP concentration is showns
From the Lineweaver-Burk plot the Kilfor GDP is 0.1 mM, a value at least
ten times lower than the KN for ADP of 1.2 to 1.3 mM obtained in the same
cenditions. The Vmax obtained with GDP as the nucleotide substrate was
83.0 units/cm3 and is similar to the Vmax value obtained from the double
reciprocal plots when ADP is used ns the nucleotide substrate under the
same conditions (Vmax = 90.0 units/cmj). The difference is that with
GDP as the nucleotide substrate, the Vﬁax is slightly higher if estimated
from a v versus s plot whercas with ADP the Vmax obtained from a v versus
s plot is about 25% lower than the extrapolated value obtained from a
double reciprocal plot. Hence the E. coli and the S. lactis C1O pyruvate
kinase differ in that the E, coli enzyme is inhibited by high GDP, and not
ADP whereas the S. lactis C1O
GDP. Pyruvate kinzses from both sources have a higher affinity for GDP
than for ADP.

Clearly there is sufficient difference between GDP and ADP as the

enzyme is inhibited by high ADP and not by

nucleotide substrate to warrant further investigation. Other kinetic
properties, studied extensively with ADP, may be different if GDP is

used as the nucleotide substrate.



Figure 3.4.7: aand b
EFFECT OF GDP ON PYRUVATE KINASE ACTIVITY
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The relationship between the pyruvate kinase activity (v, units/cm3) of S. lactis C10 and
GDP concentration (mM GDP) is shown in Figure a. Figure b is a double reciprocal plot
(lineweaver-Burk plot) (1/v versus 1/mM GDP) of the data shown in Figure a. The react-
ion mixture contained (in a total volume of 3 cm3): 80 mM triethanolamine/HCI buffer
pH 7.5; 1 mM PEP; 1 mM FDP; 13.3 mM KCI; 3.3 mM MgCl2 and 0.1 cm3 of diluted
enzyme. The GDP concentrations were varied as shown in the Figures.
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3448 The Effect of Monovalent Cations on Pyruvate Kinase Activity

Pyruvate kinase is one of the best known examples of enzymes which
specifically need a monovalent cation for full activity (Evans and
Sorger, 1966). However recent studies on the properties of the pyruvate
kinase isolated from different sources have shown that this monovalent
cation requirement is somewhat variable. Although K is probably the
main monovalent cation of physiological significance and Na* has usually
only very weak activating properties (Kachmar and Boyer, 1953), thec yeast
pyruvate kinase was signifiicantly activated by Na* in combination with
FDP (Hunsley and Suelter, 1969). The pyruvate kinases from E. coli
(Maeba and Sanwal, 1968) and Acetobacter xylinum (Benziman, 1969) are

completely unaffected by K" or NH +, but require Mg++ for activity.
Hence considerable differences exist between the pyruvate kinases from
different sources in respect to the monovalent metal ion requirement for
enzyme activity.

3.4.841 The effect of rionovalent cations on the S. lactis Cﬁﬁ_Pyruvate

T —

kinose activity

NH, Cl, NaCl, LiCl and KCl were varied at different concentrations

A

under otherwise standard assay conditions of 80 mM triecthanolamine/HC1
buffer pE 7.5, 1.0 mM FDP, 1.0 mM PEP, 3.3 mM ADP and 3.3 mM MgClz. The
results are shown in Figure 3.4.8.1a and b, In Figure a the activity at

unsaturating levels of NHLCl is slightly higher than the activity with the

same KCl concentrations and Vmax is similar for both kt and NH +. In

/N
contrast, Figure b shows that Ne* and 1i* have only a weakly activating

effect on the enzymeSs activity, as the maximum activity obtained with Na*t

or Lit is less than 5% of that obtqined with NHA+ or K* ions. Figure

344.8.1d represents the Hill plots of the data in Figure a where log v/Vhax-v

is plotted against log K" and log NHM+' The two Hill plots for K" and

NH, ¥ activation of pyruvate kinase activity indicate that there is a co-

m

operative binding of the activating monovalent cations, K" and NH +, as

s
the Hill interaction coefficient (nH) for both cations is 1.55 at least

at higher concentrations. The affinity of the enzyme for the two
activating monovalent cations is similar with the e¢nzyme showing only

. . o + + +
slightly higher affinity for Nﬁh (NHA 0.5V = 7.0 mM; K 0.5V = 9.4 mM).

At low concentrations of K' or NHh+’ the n. value drops to less than
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unity (nH = 0.68). At these low levels, the Na* introduccd in the assay
as the Na salts of PEP, ADP and FDP may be competing with K" or NH4+ ions.

The inhibitory effect of Na® concentration is shown in Figure 3.4.8.1c,
where all assays were carried out using standard conditions (13.33 mM KCl/
3.33 mM MgClZ), except that different concentrations of Na® were present.
At concentrations of Na® greater than 30 mM (not including endogenous
Na+) inhibition of pyruvate kinase activity occurred, with 506 inhibition
of activity occurring at GO mM Yat.

Therefore, like rabbit muscle pyruvate kinase (Kachmar and Boyer,
1953) and many other pyruvate kinase preparations (Boyer, 1962), the
S. lactis enzyme requires an activating monovalent cation (either k' or
NH4+) for activity. Like the muscle enzyme (Kachmar and Boyer, 1953) the
S. lactis enzyme is only very weakly activated by Na+.

The sigmoidal responsec of the S. lactis pyruvate kinase to K* or
NH4+ at saturating FDP lcvels appears to be a distinctive property of
this enzyme. Hunsley and Suelter (1969) working on ycast pyruvate kinase
and Jimenez de Asua et al. (1970) on the rat liver enzyme, found that
although the monovalent cation activated the enzyme in a co-operative
manner in the absence of IDP, at saturating lecvels of FDP the response

was hyperbolic.



PYRUVATE KINASE ACTIVITY (v) (units/cm3)

Figure 3.4.8.1: 3, b, c and d

EFFECT OF MONOVALENT CATIONS ON ACTIVITY
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The relationship L the py kinase activity (v, units/cm3) of S. lactis C10 and
ivati ations of L cations is shown in Figures a and b. In Figure a

the monovalent cation salts are: @, NH4Cl; ®, KCI. In Figure b the monovalent cation
salts are: O, LiCl ; O, NaCl. The reaction mixture contained (in a total volume of 3
cm3): 80 mM triethanolamine/HCI buffer pH 7.5; 1 mM PEP; 3.3 mM ADP; 1 mM
FDP; 3.3 mM MgCI2 and 0.1 cm3 of diluted enzyme. The monovalent cation concen-
trations were varied as shown in Figures a and b.

The relationship between the pyruvate kinase activity and inhibiting concentrations of the
monovalent cation, NaCl, is shown in Figure c. The reaction mixture was the same as
used in Figures a and b, except 13.3 mM KCI was present as well, and the NaCl concen-
tration was varied as shown in Figure c.

Figure d Hill plot
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Figure d is a Hill plot (log v/Vmax-v versus log monovalent cation) of the data shown in
Figure a. KC! (m) and NH4Cl (@} are the varying divalent cation salts. The Vmax
values used for calculating the Hill plot values were ined by linear extr lation of
the Lineweaver-Burk plots to the 1/v axis.
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3.4..,9 The Effect of Divalent Cations on the Pyruvate Kinase Activity

All of the pyruvate kinases studied have an absolute requirement for
a divalent cation (which will be referred to generally as K in cases
where the pérticular cation is not specified). However the response of
the pyruvate kinase to divalent cations is different depending on the
source of the enzyme. The specificity of the divalent cation require-
ment and the relative effectiveness of different divalent cations differs
considerably among the pyruvate kinases which have been studied. The
enzyme may display sigmoidal or Michaelis-Menten kinetics with respect
to varying concentrations of the divalent cations. Substrates and
modifiers have differential effects on the divalent cation activation
of the enzyme depending on the source of the enzyme.

The function of the divalent cation in relation to the nucleotide
binding and the reaction mechanism of pyruvate kinase was discussed in
Section 3.4 .6. For reasons discussed in that section the divalent cation
concentration will be expressed as a total concentration of Mt even
though it may be binding to the enzyme as M ADP~ or M™* or a combination
of the two.

3elpa 9.1 The effect of divalent cations on the S. lactis pyruvate

kinase activity

In Figure 3.4.9.1a2 the relationship between pyruvate kinase activity
and divalent cation concentration is shown as a v versus M++ plot. Mg012
at all concentrations activates the enzyme to a slightly greater cxtent

than equimolar concentrations of MgSO More of a difference between

4.
the two salts of Mg++ is noticed at the high concentration (greater

than 10 mM) where inhibition occurs at significantly lower concentrations
of MgSO4 than with MgClZ. MnCl2 is different from Mg012 and M8804 in

two respects. When a comparison is made between Mn** and Mg++ with
saturating FDP present (1 mM), then Mn** maximally activates the enzyme

at lower concentrations than does Mg++. The second distinctive difference
between Mg++ and Mn'" activation of the enzyme is that neither MgCl2 or

MgS0O, , with the conditions used in the assay system, could activate the

0
enzyie in the absence of' FDP, whereas MnCl2 (shown in Figure 3.4.9.1a)

can activate the enzyme in the a2bsence of FDP. The maximum velocity
achieved with saturating concentrations of Mn++, in the absence of FDP, is
about 60% of the maximum velacity achieved if FDP is present with

saturating concentrations of MnC12, MgS0, or MgClz.

Iy
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Co™t (as CoC12) also activates the enzyme (Figure 3.4.9.1b) but
the Vﬁax attained is significantly less than that obtained with MgCl2
(note that a different enzyme preparation was used, hence the Vmax value
obtained with MgCl2 is not comparable to that in Figure 3.&.9.1&). No
activity was obtained with Co’™ as the divalent ion when FDP was omitted
from the reaction mixture.

The data of Figure 3.4.9.1a are expressed as Hill plots in
Figure 3.4.9.1c. Hill plots for both MgSO, and MgCl2 give Hill inter-
action coefficient values (nH) of 2.3 at Mg * concentrations up to 2 mM,
indicating that the binding of the divalent cation to the enzyme is co-
operative when PEP, ADP and FDP concentrations are saturating. The

0.5v) for
is very similer with a range of 0.9 to 1.3 mM. Witk

divalent cation requirement to give half maximum activity (M++
MgCl? and MgSO
MnClz,

of Mgsou. At the higher Mn012 concentrations Mn** showed less co-

operative interaction than Mg++ as ny value was 1.72. The Mﬂ+o 5v value

(0.46 mM) is less than half that for Mg**. Data obtained for MnCl, in

4
the Hill plot was biphasic, but more markedly so than for Mg012

the absence of FDP do not give & linear Hill plot so the data is not
shown. The data of 3.4.9.1b, expressed as Hill plots (Figure 3.4.9.1d)
indicate weaker co-operative interaction for CoCl2 (nH = 1.62) but a
similar M** value when compared to MgCl2 and MgSO

0.5V
with Co'™ is similar to that of Mn*™.

)y The nH value

With MgCl2 and MgSOZ+ at concentrations greater than 10 mM, enzyme
activity wes inhibited (Figurc 3.4.9.1d). The high negative slope of

the Hill plots shows that Mg012 and MgSO, ere inhibiting in a co-

B

operative manner, at higher divalent cation concentrations. MgSOh has
a2 higher negative Hill interaction coefficient value of 3.94 (nH = =)
and a lower concentration to give half maximum inhibition (HgSO4 0.5 =

16 mM) compared to MgCl, with n, = -2.50 and M3012 0.5T = 36 mM. The

stronger inhibitory effect of sulphate is not surprising as Collins and

Thomas (1974) reported that the S. lactis ML3 was inhibited by SOAZ-.

Therefore with MgSOA at high concentrations there is a two-fold
inhibitory effect, one being inhibition by elevated concentrations of
Mg++ and the other inhibition effect being due to 8042—. Sulphate
inhibition did not appecr to be significant at Mg++ concentrations
where activation of the enzyme was incomplete as MgCl2 and MgSOh

activation of the enzyme was very similar as shown by their respective

Hill plots in Figure 3.4.9.1c.




Figure 3.49.1: a, b, cand d
EFFECT OF DIVALENT CATIONS ON ACTIVITY
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The relationship between the pyruvate kinase activity (v, units/cm3) of S, lactis C10 and
concentrations of divalent cationsaltsisshown in Figures a and b. In Figure a the diva-
lent cation salts present are: 0, MnCI2; =, MgCI2; @, MgSO4; O, MnCI2 but with no
FDP present in the reaction mixture. In Figure b the divalent cation salts present are:
n Mg3(:|z; 4. CoCI2. The reaction mixtures for a and b contained (in a total volume
of 3cm3): 80 mM triethanolamine/HCI buffer pH 7.5; 1 mM PEP; 3.3 mM ADP; 1
mM FDP (except as noted); 13.3 mM KCI and 0.1 cm3 of diluted enzyme. The divalent
cation sait concentrations were varied as shown in Figures a and b.
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Figure ¢ shows Hill plots (log v/Vmax-v versus log di cation salt ion) of

the date from Figure a. The Hill plot obtained by varying the MnCI2 in the absence of
FDP has not been included. The Vmax values used for calculating the Hill plot values
were ined by linear ion of Li -Burk plots to the 1/v axis. The
divalent cation salts are: O, MnCl2; m, MgCl2; @, MgSO4.

Figure d shows Hill plots (log v/Vmax-v versus log divalent cation salt concentation) of
the data from Figure b. The divalent cation salts are: m, MgCl2; 4, CoCI2. Also
shown in Figure d era Hill plots obtained from the data from Figure a, where the concen-
trations of MgCl2 (m)} and MgSO4 (@) are inhibiting pyruvate kinase activity.
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FelLeDe2 Effect of Mg++ concentration on ADP activation and inhibition

of S. lactis pyruvate kinase

The relationship between ADP activation and inhibition of the
S. lactis pyruvate kinase activity was investigated further by varying
the ADP concentration at different concentrations of MgSOAx and at a
constant concentration of 30 mM KCl. In Figure 3.4.9.2 the relatien-
ship between reaction velocity and ADP concentrations at different
concentrations of MgSOA can be seen. At the highest MgSOl+ concentration
of 30 mM, ADP did not show any inhibition even at 20 mM ADP, However
the Vma reached at this Mg++ concentration was very much less than at
lower Mg++ concentrations. As the MgSO4 concentration was decreased
from 30 mM to 0.5 mM the inhibition of pyruvate kinase activity by high

ADP became more evident and occurred at progressively lower ADP con-

centrations. The Vmax reached was maximal at 4 mM Mg++. Also the
ADP concentration for half maximum activity (ADP 0 5V) decreases from
6.0 mM ADP at 30 mM MgSO4 to 0.2 mM ADP at 0.5 mM MgSOA.

The results of this experiment are consistent with the idea that
the Mg++ and.ADP3~ bind to the enzyme as a MgADP complex. An excess ‘
g8 sithernfizes Mgl oratreeWDE’  wesults) Himynbibition Branhichnsree Mg
or free ADF3— competes with MgADP for the binding sites. However the
results could be interpretced as indicating that both ADP and Mg++ (either
free or combined) can bind at sites other than the catalytic site which
induce conformations with altered affinity for Mg++, ADPj- or MgADP— at
the catalytic site.

E Footnote: It should be noted that MgSO4

in this particular study. This experiment was carried out at an

rather than Mg012 was used

early stage of the pyruvate kinase study before the inhibiting effeets
of 8042- were appreciated. Although there is a difference in
respense to MgCl2 and MgSOh (as described abave, see also Appendix
3.4+2), the use of sulphate does not negate the general conclusions

that may be drawn from this experiment.
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PYRUVATE KINASE ACTIVITY

Figure 3.4.9.2

EFFECT OF MgSO4 CONCENTRATION ON ADP ACTIVATION AND INHIBITION
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The ADP activation and inhibition of the S. lactis C10 pyruvate kinase activity (v) was
investigated at six different MgSO4 concentrations. The relationship is shown as a

v (units/cm3) versus ADP concentration (mM) plot. The six different MgSO4 concen-
trations are: O, 30 mM MgS04; e, 20 mM MgS0O4; A, 10 mM MgS0O4; a, 4 mM
MgSO4; 0O, 1 mM MgSO4; m, 0.5 mM MgSO4. The reaction mixture contained (in a
total volume of 3 cm3): 80 mM triethanolamine/HCI buffer pH 7.5; 1 mM PEP;

1 mM FDP: 30 mM KCI and 0.1 cm3 of diluted enzyme. The ADP concentration was
varied as shown in the Figure.
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Sele9e3 Inhibition by other divalent cations

The chloride salts of Cu++, Zn++, Ca

Mg++, Mn** and Co++, were found to be unable to activate the enzyme using

++, Ni* and Bu++, unlike

the standard assay system (minus MgClz) at concentrations ranging from
0«1 to 20 mM. However if the standard assay system was used (13.3 mM
KC1/3.3 mM MgClZ) and the concentration of the chloride salts of Cu++,

++ ++ L+
Zn ', Ca

, Ni or Ba** was progressively increased then inhibition
occurred, different for each cation, as is shown in Figure 3.4.9.3a.
cutt completely inhibited activity at a concentration of 0.1 mM, Zn** was
the next most potent inhibitor, followed by Ca® then Ni++, with Ba™*
inhibiting to the least extent. Hill plots of the same data are shown
in Figure 3.4.9.3b. For all four metals (zn**, Ca**, Ni*" and Ba™)
the Hill interaction coefficient value is =1.55 to <4 .60. The concen-
tration of the divalent cation required for 50% inhibition of activity
(M++ 0.51) ranged from 0.65 mM ZnCl2 to 3.2 mM BaClz. These values
are low when compared with the respective values for MgCl2 and MgSO

/I
inhibition (16 mM Mg3S0, and 36 mM MgClz) shown previously in Figure 3.4.9.14d.

The inhibition ty high concentrations of Mt could be accounted for
if the M** normally binds to the enzyme in the form of M ADP  and possibly
M PEP and M FDP complexes to some extent. At high concentrations of Mt
the binding of the frec M'' may be competing with the binding of the M-
substrate and M-activator complexes. The evident multiplicity of binding
sites for these complexes could account for the co-operativity of inhibitor
binding. Alternatively the mectal ions may inhibit by binding at sites
other than those involved in the catalytic mechanism. These alternative
sites may only become available when the enzyme is in the active
conformation.

Either of these alternatives could apply to inhibition by divalent
metal ions which do not activate, i.e. Zn++, Ca++, Ni*t and Ba++, except
that the binding sites for these metal ions have a relatively higher
affinity than for inhibiting Mg'® concentrations. 2n**, ca**, Ni*" and
Batt may inhibit activity by binding only at the alternative sites (not
catalytic) whereas Mg++ may inhibit both ways; by competing for the sub-
strate (—complexes) at the catalytic sites and by binding at the alter-
native sites. This could explain the lower degree of co-operativity of
binding of these non-activating ions (compared with Mg++ inhibition at

high concentrations).



PYRUVATE KINASE ACTIVITY

Figure 3.49.3: aand b
INHIBITION BY DIVALENT CATIONS

Figure a
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The divalent cation inhibition of the S. lactis C10 pyruvate kinase activity was investigated.
The reaction mixture contained (in a total volume of 3 cm3): 80 mM triethanolamine/
HC! buffer pH 7.5; 3.3 mM ADP; 1 mM PEP; 1 mM FOP; 13.3 mMKCl 3.3 mM
MgC12 and 0.1 cm3 of diluted enzyme. The divalent cation salts (non activating) that
were added to the reaction mixture, at concentrations as shown in the Figures, are: O,
CuCl2; a, 2nCI2; O, CaCl2; m, NiCl2; @, BaCl2. Figure a is a plot of pyruvate kinase
activity (v) versus mM Divalent cation salt.

Figure b shows the Hill plot {lov v/Vmax-v versus log divalent cation salt concentration)

of the data from Figure a. The Vmay value used for calculating the Hill plots was the
pyruvate kinase activity assayed in the absence of any inhib'iting divalent cations.

170



17.

3el+e9.4  Further investigation of Mn** activation of the S. lactis

pyruvate kinase

As shown in Section 3.4.9.1 the enzyme was markedly activated by
Mn*? in the absence of FDP. Several workers have found that substitution
of Mn*t for Mg++ enhances the binding of PEP (Tuominen and Bernlohr,
1971b; Mildvan and Cohn, 1966; Passeron and Terenzi, 1970; Waygood
and Sanwal, 1974). With E. coli (Waygood and Senwal, 197&) the
enzyme shows sigmoidal activation by Mn™t in the absence of FDP, but this
is also true of Mg++. In S. lactis Mot and Mg++ show a qualitative
difference in their ability to activate the enzyme in thc absence of FDP.

For this reason thc e¢ffect of Mn'' was further investigated.

A. Comparison of "™DP activation with Mo QETM3++ as the

divalent cation

Using otherwise standard assay conditions the FDP concentration
was varied in the presencc of 3.0 mM MgCl2 or 3.0 mM MnC12. The results
are shown in Figure 3.4.9.42. In the presence of Mn*™ as the divalent
cation FDP activates in a hyperbolic manner (nH = 1.0) whereas with Mg++
FDP activates in a sigmoidal manner (nH = 2.0)s The FDP 0.5V value
with MnCl2 present is 0.015 mM, a low value compared to C.35 mM FDP

with MgC12.

B. Response to varying PEP concentration with Mgf+ or Mn' "

as the divalent cation

The Hill plots in Figure 3.4.9.4b werc obtained by varying the
PEP concentration, using the standard assay conditions, in the presence
of 3.0 mM MgCl2 or 3.0 mM MnClZ. When Mn*™* was used as the divalent
cation the response to varying PEP was examined in both the presence
(1 mM) and absence of FDP. The results obtained from the Hill plots

in Figure 3.4.9.4b are summarised below.

Values from Hill plots shown in Figure

n FEP | o (m) v___(units/cn?)
3.0 mM MgCl2 + 1.0 mM FDP 1.2 0.18 67.0
3.0 mM MnCl2 + 1.0 mM ¥DP 1.8 0.5 66.0
3.0 mM MnCl2 - no FDP 1.3 0.09 48.0
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The relati ip b the py kinase activity (v, units/cm3) of S. lactis C10 and
FDP concentration is shown in Figure a with 3.0 mM MgCi2 (m) and 3.0 mM MnCI2

{ O) as the essential activating divalent cations. The reaction mixture contained (in a
total volume of 3 cm3): 80 mM triethanolamine/HCI buffer pH 7.5; 1 mM PEP; 3.3
mM ADP; 13.3 mM KCI; 0.1 cm3 of diluted enzyme and the FDP concentration varied
as shown in the Figure, in the presence of 3.0 mM MgCI2 or 3.0 mM MnCl2.

Figure 3.4.9.4 b
PEP ACTIVATION WITH Mn2* OR Mg2+
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The i ip b the py kinase activity (v, units/cm3) of S. lactis C10 and

PEP concentration is shown in Figure b at different divalent cation and FDP combinations.

The reaction mixture contained (in a total volume of 3 cm3): 80 mM triethanolamine/
HCI buffer pH 7.5; 3.3 mM ADP; 13.3 mM KCI; 0.1 cm3 of diluted enzyme and the
PEP concentration varied as shown in the Figure, in the presence of: O, 3.0 mM MnCI2

+1 mM FDP; o, 3.0 MM MnCl2 with no FDP present; w, 3.0 mM MgCi2 + 1 mM FDP.
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With FDP (4 mM) present in the assay system, replacement of Mg++

by Mn** increases the Hill interaction coefficient from 1.2 to 1.8 and
decreases the PEP value by at least ten-fold. Wwith Mn*" as the

0.5V
activating divalent cation in the absence of FDP, the PEP value is

0+09 mM, which is half thec value obtained with Mg012 in thg'g¥esence of
FDP.  With FDP present the V_  with either Mn*t or Mg*t is essentially
the same, whereas the V__ with Mn** in the absence of FDP is significantly
lower.

Saturating [DP concentrations (1 mM) were reported in Section
3.4.5.4 to m the allosteric response to varying of PEP (using
MgCl2 as the activating divalcnt cation). This can be seen in the Hill
plot of Figure 3.4.9.4b. Here, PEP shows only weak, if any, homotrophic

interaction with the enzyme (nH = 1.2) where MgCl, is present with 1 mM

FDP. Similarly with MnCl2 present, but in the aisence of FDP, PEP again
shows only a weak homotrophic interaction with the enzyme (nH =1.3).
This is not expected, as in Section 3.4.5.1, in the presence of MgCl2
decreasing the FDP concentration increased the oy value. However with
saturating FDP present and Mn™" as the divalent cation the ny value
increases to 1.8. Thus when MnCl2 is present with FDP, the FDP and
MnCl2 combination increases both the affinity and the homotrophic inter-
action of PEP with the enzyme. This, and the fact that PEP shows only
a weak homotrophic interaction with the enzyme in the absence of FDP
when Mn*" is present as the divalent cation, supports the idea that Mn**
and FDP are activating the enzyme in different ways.

C. Response to varying ADP concentration with Mgti_gg

Mn++ as the divalent cation

Figure 3.4.9.4c shows the reaction velocity as a function of ADP
concentration using the same cation/FDP combinations as before, i.e.
Mg012 with FDP, and MnCl2 with and without FDP. For both divalent
cations, maximum activity is achieved between 2 to 4 mM ADP with
activity dropping off at higher ADP concentrations. Mn012 with FDP
present, appears to suppress inhibition of the enzyme's activity by
high concentrations of ADP to some extent. The enzyme with Mn*T but
no FDP present in the assay system, has a lower Vmax than for either
Mg++ or Mn++, both in the presence of FDP. The data from Figure 3.4.9.4cC
are plotted as Hill plots as shown in Figure 3.4.9.4d. (The vmax values
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Figure 3.4.94 ¢

ADP BINDING WITH Mg2* OR Mn2*

|
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The relationship between the pyruvate kinase activity (v, units/cm3) of S, lactis C10 and
ADP concentration is shown in Figure c with different divalent cation and FOP combin-
ations. The reaction mixture contained (in a total volume of 3 cm3): 80 mM triethano-
lamine/HCI buffer pH 7.5; 1.0 mM PEP; 13.3 mM KCI; 0.1 cm3 of diluted enzyme and
the ADP concentration was varied as shown in the Figure, in the presence of: O, 3.3 mM
MnCi2 +1 mM FDP; ¢, 3.3 mM MnCl2 with no FDP present; =, 3.3 mM MgCl2 + 1

mM FDP.
Figure 3.4.9.4 d
HILL PLOTS FOR ADP BINDING WITH Mg2+ OR Mn2+
2.0
1.0V =
= ADP g5V = 1.1 mM
05 =
N - ADP g5v = 2.1 mM
x
B
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>
0.1 =
0.05 =
0.02
] LT VELTLS I LI
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Figure d shows Hill Plots (log v/Vmax-v versus log ADP concentration) of thedata from
Figure c where the ADP concentration was varied in the presence of: O, 33 mM
MnCI2 + 1 mM FOP; ¢ , 3.3 mM MnCI2 with no FDP present; m, 3.3 mM MgCl2 + 1
mM FDP. The Vmax values used for calculating the Hill plot values were obtsined by
linear extrapolation of Lineweaver-Burk plots %o the 1/v axis.

174



175.

used were estimated by linear extrapolation of double reciprocal plots.)

For MnCl2 and MgCl, in the presence of FDP, the Hill plots were

essentially identiial. ADP shows no homotrophic interaction (nH = 1.0)
and the ADP concentration required for half maximum activity (ADP O.SV)
is 141 mM for both cations. ¥hen using MnCl2 as the divalent cation in
the absence of FDP, there is significant co-operative interaction of
ADP with the enzyme (nH =1.8). This is probably simply a consequence
of the absence of FDP since it was previously shown (Section 3.4.6.1)
that decreasing the FDP concentration increases the co-operativity of
ADP binding.

This replacement of Mg++ with Mn** in the presence of FDP has
quite distinctive effects on ADP and PEP binding. Neither the affinity

(ADP ) nor the co~operative interaction of ADP with the enzyme is

altergésgy using Mnt" in place of Mg++ whereas both the co-operativity
of PEP binding and the affinity for PEP are significantly greater with
¥n** than they are with Mg++.

The non-FDP activated pyruvate kinases from B. licheniformis
(Tuominen and Bernlohr, 1971b) and rabbit muscle (Mildvan and Cohn, 1966)

were both shown to have higher affinities for PEP, but not ADP, in the

presence of ¥n** rather than in the presence of Mg++. A similar effect
of Mn** has been reported for the FDP-activated pyruvate kinase from
Mucor rouxii (Passeron and Terenzi, 1970). However in this case although

Mn** lead to a similar reduction in the apparent KM for PEP, FDP did not

activate the enzyme in the presence of Mn*T. With the §. lactis pyruvate

kinase at saturating MnCl, concentrations, FDP does significantly activate

2
the enzyme, though at. considerably lower concentrations and in a hyper-
bolic rather than sigmoidal manner.

Tuominen and Bernlohr (1971b), in studying the properties of the

B. licheniformis pyruvate kinase, concluded that Mn*" induces conforma-

tional changes in the enzyme that cannot be attained with any combination
of ligands in the Mg-activated system. In S. lactis C1O’ Mn** with no

_ FDP present (enzyme active), appears to induce conformational changes

in the enzyme that cannot bc attained in the Mg-activated system without

FDP present (enzyme inactive). Also, like the B. licheniformis enzyme,

the activated pyruvate kinase from S. lactis C10 possibly has a different
conformational change with IDP and MnCl2 present, than with FDP and
MgCl2 as is evident from the studies on PEP activation of the enzyme in

the presence of the two divalent cations.
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3eL4e10 The Effect of pH on the Kinetic Properties of S. lactis
£ . SN
Pyruvate Kinase

The kinetic data for the S. lactis C1O p

described have all been determined at pH 7.5 (the pH optimum of the

enzyme ). It is important to ascertain whether the kinetic propcrties

yruvate kinase so far

of the pyruvate kinase are markedly different at other pHs. pH 6.4
and pH 8.75 were selected as they represented the pH values where the
enzyme activity was very different from the pH optimum while still being
within the buffering range of 80 mM triethanolamine/HC1l buffer. The
ef'fect of the pH on PEP and FDP activation was studied with manganese

and magnesium as the esscntial divalent cation.

A. Effect of pH on response to varying PEP concentration

The effects of pH on PEP activation are summarised in Table
3e4e10a. The affinity oi pyruvate kinascec for PEP, with Mg++ as the
divalent cation, is optimal in alkaline pHs; the KM is O¢13 mM PEP at
pH 8.75, 0.18 mM at pH 7.5 and O.4 mM PEP at pH 6.4. However when
Mn** is the divalent metal ion in the presence of FDP, the affinity of
the enzyme for PEP decrecases ten-fold at pH 8.75 compared with the
affinity at pH 7.5 and 6.4. It is also interesting that the co-
operativity of PEP binding secn at pH 6.4 and 7.5 in the present of Mot
is no longer evident at pH 8.75.

When Mn** alone is present (i.e. without FDP) the affinity of
pyruvate kinase for PEP is much less dependent on pH (KM values ranging
from O.13 mM to 0.2 mM PEP).

B. Effect of pH on FDP activation

The effects of pH on FDP activation of the S. lactis pyruvate

kinase are summarised in Table 3.4.10b. With MgCl2 as the divalent
cation the FDP 0.5V value is nearly the same at pH 6.4 and 7.5 (0.2 mM
and 0.18 mM FDP, respectively), and increases to 0.45 mM at pH 8.75.
The co-operative interaction of FDP binding is also affected by pH since
at pH 6.4 and 7.5 the 0 value is 1.94 while at pH 8.75 n is 1.0 The
FDP 0.5V values are lower at all three pH values when Mt replaces Mg++,
but there is relatively a much greater increase in the FDP values

0.5V
from pH 7.5 to 8.75 with Mn'" as the divalent cation.
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The effect of pll on the kinetic properties of the S. lactis
pyruvate kinase appear from this brief study to be quite different
from the results found by workers studying the mammalian pyruvate
kinases. For both the liver type-L pyruvate kinase (Rozengurt_gg,gl.
1969) and the erythrocyte type-L pyruvate kinase (Staal et al., 1971)
the enzyme is not activated by FDP and shows only a Michaelis-Menten
response to PEP below pH 7.2. Thus the S. lactis enzyme appears to
maintain its allosteric properties at lower pH values than is the case
for the mammalian pyruvate kinases.

The relationship between pH, I'DP and PEF activation of the
S. lactis pyruvate kinase, being different from mammalian pyruvate
kinases, possibly indicates a different intracellular pH control for
the S. lactis enzyme. Mn012 was shown to be effective in activating
the S. lactis enzyme also at the two extremes of pH (6.4 and 8.75) with
or without I'DP present. Mn' thus appears to have the potential for

controlling the enzyme in vivo in a different manner to the FDP control.
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Table 3.4.10a

The effect of pH on PEP activation of pyruvate kinasc

The effect of pH on PEP activation of pyruvate kinase was studied
in the presence of either 3.3 mM MnCl2 (with or without 1 mM FDP) or
3.3 mM MgCl2 (with 1 oM FDP) at standard assay conditions of: 80 mM
triethanolamine/HC1 buffer; 3.3 mM ADP and 13.3 mi KCl. The pH of
the assay mixture was either the pH optimum (pH 7.5), pH 6.4 or pH 8.75.
PEP was varied at each different condition, to give at least eight usable
points to plot the respective Hill and Lineweaver-Burk plots. The Hill
interaction coefficicent values (nH) obtained from Hill plots, and the KM
and Vmax values obtained irom Lineweaver~Burk plots, for varying the PEP

concentration at the different conditions, are tabulated bclow.

Conditions Lincweaver-=Burk Plot Hill Plot
pH Divalent Cation  FDP Ky Viax o,
(3.3 mM) (mM) (mM PEP) (units/cm’)
7.5 MgC1, 1.0 0.18 s X0) 1.0
7.5 MnCl, 1.0 0.02" 77.0 1.8
195 MnCl, 0.0 0.20 35.0 1.0
6oy MgC1, 70 0.40 45.0 1.0
6oy MnCl, 1.0 0.02* 42.0 1.7
6oly MnCl, 0.0 0.20 22.0 1.0
8.75 MgCl, 1.0 0.13 36.0 1.0
8.75 MnCl, 1.0 0.13" 36.0 1 o1
8.75 MnCl, 0.0 0.13 18.0 1.0
Values determined as PEP values from Hill plots.

0.5V
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Table 3.4.10b

The effect of pH on FDP activation of pyruvate kinase

The effect of pH on FDP activation of pyruvate kinase was studied
in the presence of either 3.3 mlM MnCl2 or 3.3 mM MgCl2 at standard assay
conditions of: 80 mM triethanolamine/HCl buffer; 3.3 m¥ ADP; 1 mM PEP
and 13.3 mM KCl. The pH of the assay mixture was either the pH
optimum (pH 7.5), pH 6.4 or pH 8.75. FDP was varied at each different
condition, to give at least eight usablc points to plot the respective
1{ill and Lineweaver-Burk plots. The Hill interaction coefficient and
FDP 0.5V values obtained from Hill plots, and the Vmax values obtained
from Lineweaver-Burk plots for varying the FDP concentration at the
different conditions, are tabulated below. The activity(v) obtained

in the absence of FDP is also shown.

Conditions Hill Plot Lineweaver-Burk Plot | Activity (v)
pH Divalent Cation FDP o, 5v Vina (in absence of
(3.3 mM) g oM FDP (unit s/émB) FDP)(units/cm3)
5 M3012 1.9 0.20 4.0 0.0
765 MnCl2 1.0 0.02 74 .0 30,0
6.l MgC12 1.9 0.18 L2.0 0.0
6.4 MnCl2 1.0 0.0065 41.0 24,0
8.75 MgCl? 1.0 0.45 30.0 0.0
8.75 MnCl2 1.0 0.23 2.0 8.0
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34411 Effect of Phosphate on the Kinetic Properties of S. lactis

Pyruvate Kinase

In the course of the investigation of varying pH on certain
properties of pyruvate kinase, as described in the previous section, a
study was made also with 1 mM phosphate present in triethanolamine/HCl
buffer pH 7.5, The strong inhibitory effect of phosphate has already
been described in an earlier section (3.4.3). The purpose of the
determinations reported in Table 3.4.11 was to ascertain which particular
kinetic properties of pyruvate kinase were sensitive to phosphate.

The presence of 1.0 mM phosphate at pH 7.5 with Mg012 as the
0.5V value 25-fold (0.18 mM to
5.0 mM PEP) but does not change the Vmax value or the Dy value.

divalent cation, increases the PEP

When FDP activation is similarly studied in the presence of
1.0 mM phosphate (Table 3.4.11) the FDP 0.5V value increzsed from

0.2 mM to 0.93 mM FDP. Though the nH_value did not change, thc Vmax
value dropped from 7.4 units/cm3 to 33 units/cm3 when 1 mM phosphate was
present. The drop in VmaX probably indicates that the PEP is no longer
at saturating concentrations at saturating FDP concentrations.

Therefore phosphate effects both FDP and PEP activation, with PLP

binding being more sensitive than FDP binding to phosphate inhibition.

Table 3¢4.11

Effect of phosphate on the kinetic properties

of 3. lactis pyruvate kinase
Rl AT

Standard assay conditions were used: 80 mM triethanolamine/HC1l
buffer pH 7.5; 3.33 mM ADP; 13.33 mM KC1/3.33 mM MgClz; and either 1 mM
PEP or 1 mM FDP. The effect of 1 mM phosphate on the response of the
'pyruvate kinase activity to varying PEP concentration and FDP concentration
was investigated. The kinetic data, obtained from the respective double

reciprocal plots and Hill plots, are shown below.

Control 1 mM Phosphate
PEP 0.18 mM PEP 5.0 mM PEP
v . 0.5V 3 3
arying Vﬁax 73 units/cm 80 units/cm
iR n 1.0 1.0
Control -1 mM Phosphate
FDP 0.2 mM FDP 0.93 mM FDP
Varyi Lol 3 3
ying Voon 74.0 units/cm 33.0 units/cm
P 1.9 1.9
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3e4412 ATP Inhibition of Pyruvate Kinases

Pyruvate kinase from various sources has been shown to be markedly
inhibited by ATP (Irving and Williams, 1973; Costa et al., 1972; Staal
gt al., 1971; Ainsworth and Macfarlane, 1973; Tuominen and Bernlohr,
1971b and Waygood and Sanwal, 1974). However the nature of the inhibitory
effect appears to differ considerably from one enzymc to another and the
different isoenzymes in any one tissue are usually affected by ATP in
distinctive ways. Waygood and Sanwal (1974) found that GTP was a much
more potent inhibitor of the E. coli pyruvate kinase than ATP.

Since ATP inhibition of pyruvate kinases may occur at physio-
logical levels of ATP the c¢ffect of ATP on the S. lactis pyruvate kinase

was investigated.

3.4.12.1 ATP inhibition of S. lactis pyruvate kinase

ATP concentration was varied using the standard a2ssay conditions
at three different FDP concentrations (0.5, 1.0 and 10.0 mli FDP). The
relationship between pyruvate kinase activity and ATP concentretion is
shown in Figure 3.4.12.1a., ATP inhibited the cnzyme at 2ll three FDP
concentrations. However this inhibition could be entirely due to
chelation of Mg++ (Wood, 1$68). Therefore ATP inhibition was studied
at a higher concentration of cations (80 mM KC1/8 mi Mg012 instead of
13.3 mM KC1/3.3 mM MgCl2 as used in the standard assays) as shown in
Figure 3.4.12.1b. ATP inhibition still occurred at the higher cation
concentration although thc concentration of ATP required to cause 50
inhibition was increased somewhat., The data obtained at 1 mM FDP at the
two cation concentrations are replotted as Hill plots in Figure 3.4.12c.
At the low cation concentration the ATP is interacting with pyruvate kinase
in a co-operative manner (nH = -3.0) to inhibit activity. The concen-

tration of ATP giving 50% inhibition of activity (ATP ) increases

from 2.3 mM to 5.3 mM ATP as the cation concentration S;5§ncreased.
Inhibition of activity by ATP at the high cation concentration is not
entirely due to chelation of Mg++ as activity with 80 mM KC1/8 mM MgCl2

is identical to the activity assayed with 80 mM KC1/3 mM MgCl2 present

in the standard assay conditions. At the high cation concentration the
Hill plot is biphasic with ny values of -3 and -6. This biphasic response
may be due to ATP inhibiting in more than one way. Inhibition by

chelation of Mg++ will be important at high ATP concentrations. However
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two other possible modes of inhibition exist. ATP may inhibit by
binding as Mg ATP2— at the ADP catalytic site or at an allosteric
site independent of the ADP catalytic site.

Hence S. lactis C yruvate kinase is inhibited by ATP and this

Y
inhibition is not entirelg due to chelation of Mg++. Collins and
Thomas (1974), studying the pyruvate kinase from S. lactis ML3’ reported
that in the presence of 2 mM PEP, 5 mM ADP, 2 mM FDP and 80 mM KC1l/

8 mM MgCl2 the addition of' either ATP or AMP at concentrations up to
5 mM had no effect on tlic rcaction rate of pyruvate kinase, but when
FDP concentration was reduced ten-fold, 5 mM ATP caused 507 inhibition.

Their results are therefore different from those reported above where

ATP inhibition was found to be virtually independent of FDP concentration.

3.4.12.2 The effect of AMP on S. lactis pyruvate kinase
e

The effect of varying AlP concentration on the pyruvate kinase
activity was studied at three different ADP concentrations under otherwise
standard assay conditicns of 13.33 mM KC1/3.33 mM MgClz, 1.0 mM PEP and
1.0 mM FDP. The data obtained were plotted as Hill plots (Figure
3.4412.2). AMP inhibited activity in a co-operative manner. The
strength of co-operative binding of AMP to the enzyme is dependent on
the ADP concentration since the oy value decreases from 1.85 to 1.3 as the
ADP concentration was decreased from 2 mM to 0.25 mM. However the
concentration of AMP giving 50% inhibition of activity appears to be
relatively independent of ADP concentration with a value of 7.0 i 0.5 mM
AMP for the three ADP conccntrations.

Thus unlike some other pyruvate kinases (Tuominen and Bernlohr,
1971b) the S. lactis pyruvate kinase is not activated by AMP. The
pyruvate kinase from S. faccalis (PK-II) that is almost totally dependent
upon FDP for activity is unaffected by either AMP or ATP (Wittenberger
et al., 1973). The othcr pyruvate kinase from S. faecalis (PK-I)

(not activated by FDP) studied by the same workers was activated by
AMP and inhibited by ATP.
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Figure a ATP Inhibition
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The ATP inhibition of pyruvate kinase activity (v, units/cm3) of S. lactis C10 is shown in
Figures a and b at different cation and FDP combinations. The reaction mixture con:
tained (in a total volume of 3 cm3): 80 mM triethanolamine/HCI buffer pH 7.5; 1.0
mM PEP; 3.3 mM ADP; 0.1 cm3 of diluted enzyme and ATP concentrations as shown
in the Figures in the ce of: A, 10 mM FDP; ¢, 1 mM FDP; », 0.5 mM FDP. In
Figure a 13.3 mM KC1/3.3 mM MgCI2 are present. In Figure b 80 mM KCI/8 mM MgCl2
are present.

ATP INHIBITION OF PYRUVATE KINASE

Figure ¢ ATP Inhibition Hill Plot
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The data obtained from Figures a and b (at the two cation ations) in the p
of 1 mM FDP are replotted as Hill plots (log v/V max -v versus log ATP concentration)

in Figure c. The two Vmay values used for calculating the Hill plots were the two resp-
ective pyruvate kinase activities assayed in the absence of ATP. The two cation concen-

trations are: @, 13.3 mM KCI/3.3 mM MgCl2; m, 80 mM KCI/8 mM MgCi2.

Figure 3.4.12.2 AMP INHIBITION OF PYRUVATE KINASE

Figure 3.4.12.2 AMP Inhibition: Hill Plot
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The AMP inhibition of pyruvate kinase activity (v, units/cm3) of S. lactis C10 is shown

in Figure 3.4.12.2 as Hili plots at three different ADP concentrations. The reaction
mixture contained (in a total volume of 3 cm3): 80 mM triethanolamine/HCI buffer

pH 75; 1.0 mM PEP; 1.0 mM FDP; 13.3 mM KCI; 3.3 mM MgCl2; 0.1 cm3 of
diluted enzyme and the AMP concentrations varied as shown in the Figure in the presence
of: e, 2mM ADP; 0, 1 mM ADP; 0, 0.256 mM ADP. The three Vmax values used for
calculating the Hill plots were the respective pyruvate kinase activities assayed in the
abs2nce of AMP.

¢el
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3.5 Discussion of the Results from Studies of the S. lactis C1O
Pyruvate Kinase.

e

In the introductory section (3.1), the pyruvate kinises from many
sources were shown to have important allosteric control features indicating
the importance of this enzyme in the regulation of carbohydrate metabolism.
The results from the study of the S. lactis C10 pyruvate kinase have shown
that its activity is also allosterically controlled by a number of factors.
In its general properties the S. lactis Q1O pyruvate kinase is not umlike
FDP-activated pyruvate kinases from most other organisms sucl: as the
manmalian type L pyruvate iinuse and the yeast and E. coli FDP-activated
pyruvate kinases. The niolecular weight (235,000) and subunit number (4)
is similar to that of pyruvate kinases from other organisms and inr this
respect the S. lactis pyruvate kinase apparently differs from the much
smaller FDP-activated pyruvate kinase from S. faecalis (Wittenberger et al.,
1973). However in many of its detailed regulatory features the S. lactis C10
pyruvate kinase shows differences from the properties of other pyruvate
kinases. Of course not all the factors that have been shown to control
activity in vitro are necessarily important in determining the intra-

cellular activity of the S. lactis pyruvate kinase.

3.5.1 Factors Coatrolling S. lactis C, . Pyruvate Kinase Activity

1Q

Three different sets of factors may be of importance in regulating

activity in vivo. These are:

a) FDP and PEP
b) Nucleotides

c) inorganic cations and anions

a) FDP and PEP as regulators of pyruvate kinase activity

As with most other FDP-activated pyruvate kinases, IDF increased
the affinity for thc substrate PEP and changed the kinetic response to
varying PEP concentration from a sigmoidal pattern at low FDP to a hyper-
bolic response at saturating FDP. The FDP 0.5V values required for this
activation were higher than for mammalian pyruvate kinases. As well as
the heterotropic interaction between PEP and FDP, the activator, FDP,
itself showed positive homotropic interaction with the enzyme, showing
a high degree of co-operativity especially with the freshly isolated

enzyme (nH = 2.5 to 2.7). The allosteric activation of enzyme activity
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by FDP was independent of BEP and ADP concentration. Even at pH 8.75,

FDP did activate the enzyme, but in a hyperbolic menner rather than a

sigmoidal activation. The S. lactis C10 pyruvate kinase showed virtually
no activity when assayed o ' .&i;a?o ﬁ hie| 5. Togi=s

ML3 pyruvate kinase (Colliﬁs.a;a‘Thoﬁés, 1974) did show activity in the
absence of FDP at high PEP and metal ion concentrations. The S. lactis
C10 enzyme when assayed in the presence of saturating MnCl2 concentrations
showed significant activity in the absence of FDP, but activity further
increased with addition of a saturating FDP concentration. '

At unsaturating levels of FDP, PEP binds co-opcratively to the
enzymc. This homotropic activation by the substrate PEP may be of
regulatory significance under such conditions. The other substrate,

ADP, showed only very weak co-operativity in binding to the enzyme and

this only occurred at very low FDP concentrations.

b) Regulation by nucleotides

Nucleoside diphosphates can influence pyruvate kinase activity
both by their involvement as substrates and by acting as inhibitors at
high concentrations. As mentioned cecarlier, ADP binding follows a hyper-
bolic saturation relationship except at very lew FDP concentrations when
the relationship is weakly sigmoidal in comparison to PEP and ¥FDP. The
affinity for GDP is significantly higher than for ADP, thercfore GDP and
possibly other di-nucleotides may play an important role in controlling
the intracellular activity of the enzyme, and thus should be investigated
further. Waygood and Sanwal (1974) found that the E. coli pyruvate
kinase also showed & higher affinity for GDP in comparison to ADP.
At concentrations only slightly higher than those required to
saturate the enzyme, ADP acts as an inhibitor. This finding along with
the observed inhibition at high Mg’ concentrations could indicate that
MgADP  is the substrate with free Mg++ and ADPB- acting as inhibitors.
However this might not necessarily be so as ADP and Mg++ could inhibit
by binding to sites other than at the catalytic site. A detailed kinetic analysis
of the reaction mechanism would be necessary to determine the nature of
the inhibition by high ADP concentration.
ATP was shown to bec a potent inhibitor (ATP 0.51 = 2.3 to 5.3 mM)
of the S. lactis C1O pyruvate kinase., The degree of inhibition was

independent of the FDP concentration whereas the S. lactis ML, enzyme

3
(Collins and Thomas, 1974) was only inhibited by ATP at unsaturating

FDP concentrations. Therefore from in vitro evidence the ADP/ATP
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ratio may play an important role in controlling the intracellular
activity of pyruvate kinase. However, in considering ADP and ATP
‘two additional factors have to be considered. First is the

finding of Carminatti et al. (1968) that the presence of cut* in ADP

samples was responsible for the apparent ADP inhibition of rot liver
type L pyruvate kinase activity. Cu'™ was shown in the present study
to be a potent inhibitor of the S. lactis pyruvate kinase. cu*” com-
pletely inhibited activity at a concentration of 0.1 mM in the standard
assay and therefore a 0.3} contamination of copper in a & mlM ADP (ATP)
solution would be more than sufficient to completely inhibit activity.
A second consideration is that the S. lactis pyruvate kinase is very
0.51 = 0465 mi). A 2%
contamination of phosphate in 2 5 mM ADP (ATP) solution would be

sensitive to phosphate inhibition (Phosphate

suft'icient to inhibit 50% oi activity. Even though Sigma gredes of
these nucleotides were used themf cu™" and phosphate should be
tested before any conclusions on the importance of ADP and ATP inhibition
in vivo can be drawn.

Unlike some other pyruvate kinases, for example, those from
Brevibacterium flavum (Ozaki and Shiio, 1969) and Bacillus licheniformis

(Tuominen and Bernlohr (19741b), no AMP activation of the Se lactis(%

0

enzyme was apparent. In fact AMP inhibited activity (AMP 1 =70 mM) .

005

c) Regulation by inorganic cations and anions

The S. lactis C1O enzyme can bec activated and inhibited by a
number of monovalent and divalent cations. The enzyme has an essential
requirement for activity for both a monovalent and divalent cation.

0f the four monovalent cations studied, NHL+ and K allosterically
activated the enzyme to a similar extent. Nat and Li+ can only weakly
activate and at higher concentrations inhibit the enzyme.

Only three of the divalent cations studied (Mg++, n** and Co++)
could activate the enzyme. 0f these three, only with Mn*" as the
divalent cation was significant activity detectable without FDP. Mg'?,
in excess of saturating activating concentrations allosterically
inhibited activity. Other divalent cations (Cu++, Zn++, Ca++, Nitt
and Ba++) though not activating did allosterically inhibit the enzyme's
activity at low concentrations (compared to the concentration required
for Mg++ inhibition) but with a oy value considerably less than for

Mg** inhibition.
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Both the divalent and monovalent activating cations allosterically
activate the enzyme even in the presence of saturating FDP concentrations,
an apparently unique feature among FDP activated pyruvate kinases. Higher
cation concentrations than those used in the standard assay whilc not
altering the s value for FDP binding did appcar to decrease the ny
value for PEP binding to pyruvate kinase. The relationship between
cation activators and other allosteric effectors (FDP, ADP and PEP)
could be important in in vivo control and therefore should be more
thoroughly investigated in future studies.

The activation of S. lactis C10 pyruvate kinase by Mn** in the
absence of FDP is very interesting. A similar apparent replacement of the
essential requirement for FDP by un** was found for the S. faecalis LDH
(Section 2.5) although not for the S. lactis LDH. However the activation
by Mn* appears to be different from that of FDP, since the Vmax in the
presence of saturating MnCl2 (no FDP) is lower than the Vﬁax obtained in
the presence of saturating MgCl2 and FDP concentrations. Also the Vmax in
the presence of saturating MnCl2 is increased by the addition of saturating
amounts of FDP. The affinity for PEP in the presence of saturating
amounts of FDP is much higher (ten times) 6 Mn++ is the divalent cation
rather than Mg**. Inhibition by high ADP is less marked when Fn' '
rather than Mg++ is the divalent cation and the effect of pH on the kinetic
properties of the enzyme :c 2lso different depending on whether Mn*t or
Mg++ is the divalent cation. Such difflerences suggest that Mn' " has its
own distinctive effect on enzyme conformation independent of the effect
of FDP.

Even though the manner in which Mn** activates the S. lactis
enzyme is not known,the possible physiological significance of the
manganesc effect can be appreciated. The presence of Mn** in the cell,
at least from the in vitro kinetic evidence, could effectively modify
the control of pyruvate kinase by FDP.

Inorganic anions as well as cations may have an important
regulatory function. Of particular importance is the high sensitivity
to phosphate ions (Phosphate 0.5 = 0.65 mM) at concentrations that
might well occur in vivo. Phosphate increases the PEP and IFDP require-
ment of the enzyme and may imply that a high intracellular pyruvate kinase
activity in the presence of phosphate can only be achieved by high in vivo

FDP and PEP concentrations.
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Kaleate and sulphcate anions and tris and '_” - hro
cations inhibit activity to different extents. Héwé&ér their inhibition
effects are probably not important in relation to physiological control
of the activity of the enzyme. The sensitivity of pyruvate kinase to a
wide range of ions, including commonly used buffering ions such as tris
and maleate, and ions that may be present in commercially supplied
substrates such as the cyclohexylammonium ion highlight the care that
must be exercised in extrapolating from in vitro kinetic studies to
in vivo conditions.

The overall study of the S. lactis pyruvate kinase has shown
that a large number of factors control its activity in vitro. The
relevance of all these factors in relation to in vivo control of the
enzyme is not known. A study of the rclevant intracellular metabolite
concentrations may be helipful in this respect. From this study on
pyruvate kinase, it is evident that further investigation of the enzyme's
properties is desirable to understand the role of the enzyme in metabolic
control. With the complexity of factors affecting pyruvate kinase
activity, & study of the intracellular metabolite concentrations may help

in determining relevant in vitro propertics to be further studied.



SECTION 4.

6~PHOSPHOGLUCONATE DEHYDROGENASE
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L Introduction

A brief investigation of the 6-phosphogluconatc dehydrogenase
(E.C.1 1.4 .44) of S. lactis Co
and Wittenberger (1971a) thet a partially purified preparation from

was prompted by the observation of Brown

S. faecalis was inhibited by FDP. FDP caused & decrease in Vm°x and an

increase in the apparent KM for 6-phosphogluconate and nicotinamide adenine
dinucleotide phosphate (MADP*). FDP did not however completely inhibit
activity and the presence of 2-mercaptoethanol blocked the inhibition by
FDP without effecting the catalytic activity. Brown and Wittenberger
(1972) also found that the 6-phosphogluconate dehydrogenase (6-PGDH)

from other sources (e.g. Lactobacillus plantarum, E. coli, Saccharomyces

cerevisiae, Candida utilis and guinea pig liver) were sensitive to

inhibition by FDP. This suggested that inhibition of 6-phosphogluconate
dehydrogenase by FDP may be a fairly general phenomenon.

From the above results Brown and Wittenberger (1971a) concluded that
the regulation of the hexose-rionophosphate pathway activity is effected
in 3. faccalis by FDP inhibition of 6-PGDH. Uncontrolled use of the
oxidative portion of the hexose-monophosphate pathway is not desirable
as this would lead to an iiabalance in the proportion of biosynthetic
intermediates such as pcntose-phosphate and of NADPH, to the ATP produced
by the glycolytic pathway. The regulatory role of FDP in S. faecalis
is achieved by FDP inhibition of the hexose-monophosphete enzyme, 6-PGDH,
on one hznd and FDP activation of the glycolytic enzyme, LDH (Wittenberger
and Angelo, 1970), on the other hand. Therefore the intracellular con-
centration of FDP can dircct glucose carbon to proceed prefcrentially
through the glycolytic patliway (at high in vivo FDP concentration) or
through the hexose-monophosphate pathway (at low in vivo I'DP concentration).
With the demonstration that 6-phosphogluconate dehydrogenase activity was
inhibited by FDP in crude cxtracts of several different organisms, Brown
and Wittenberger (1971a) suggest that this regulatory mechanism may be of
general significance and descrves further consideration.

Therefore the S. lactis C10 6~phosphogluconate dehydrogenase was
studied to ascertain the effect of FDP on its activity. The S. lactis C10
glucose-6-phosphate dehydrogenase (EoC.1.1.1.49) was also studied to
discover whether FDP had any effect on its activity.

In view of the difficulty encountered in demonstrating the inhibition
of S. lactis C10
the S. faecalis ATCC 8043 6-PGDH in an attempt to reproduce the results
of Brown and Wittenberger (1971a).

6-PGDH, the study was extended to a brief examination of
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L.2 Methods

4.2.1_6-Phosphogluconete Dehydrogenase Assay

6-PGDH activity was cstimated by measuring the increase in absor-
bance at 340 nm resulting from the 6-phosphogluconate-dependent reduction
of IADPT  The standard assay system (for both the S. lactis C1O and
S. faecalis ATCC 8043 enzymes) contained in a total volurie of 3 cm3 : 80 ol
tricthanolamine/HC1 buffer pH 7.5; 2.0 mM disodium 6-phosphogluconate
(Sigma Chemical Company, Sigma Grade); 1.0 mM NADP+(Sigma Grade) and

k)

0.1 cm” of enzyrie sample. Reactions were usually initiated by addition

of enzyme sample.

L.2.2 Glucose-6-Phosphate Dehydrogenase Assay

Glucose-6-phosphate dehydrogenase activity was measured by following
the increase in absorbance at 340 nn resulting from the glucose-6-phosphate-
dependent reduction of NADPY  The standard assay system contained in a
total volume of 3 cm3 : 80 mM triethanolamine/HCl buffer pH 7.5; 2.0 mM
monosodiun D-glucose-6-phosphate (Sigma Grode); 1.0 mM NADPYand 0.1 cm3
of enzyme sample. Reactions were initiated by addition of cecnzyme sample.

Assays for both enzymes were carried out at 2500 using a Becknman
ACTA-3 spectrophotometer.

An absorbance chenge of 1.0 unit per minute is used to express enzyme
activity (for both enzymes). Protein concentration was determined by the
cethod of Lowry ct al. (1951). Specific activity s expressed as uni*s

per milligran of protein.

4s2.3 Partial Purification of the 6-Phosphogluconate Dehydrogenase and

Glucose=6-Phosphate Dchydrogenase .

§. lactis C was maintained as described in Section 2.2.1. The

growth and harvesloof the S. lactis cultures was as described in Section
BeDatts The harvested cells were stored frozen overnight before dis-
ruption of cells.

On the first partiel purification of the two enzymes 2-mercaptoethanol
(2-ME)was present in the buffers, whereas in a second purification 2-ME

was omitted from the buffers. The following method has 2-ME present.

A, Breakage of cells. Cells were thawed and suspended in 001 M
phosphate buffer + 0.05% 2-ME pH 7.0 and disrupted by two passages through

an Aminco French pressure cell at 5,500 lbs per in2. Unbroken cells
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and cell debris were centrifuged down at 13,000 g for fifteen minutes at

AOC. A1l subsequent purification steps were carried out at APC.

B. Streptomycin sulphate treatment. Nucleic acids were

precipitated from the cell freec extract by dropwise addition of strepto-~
mycin sulphate using 3.0 cm3 of a 1% (w/v) solution for every 100 ng
protecin. The resulting suspension wos allowed to stand for two hours
before the precipitate was removed by centrifugation at 13,000 g for

fifteen minutes.

C. Amnonium sulphate precipitation. The supernatant after

streptomycin sulphate treatment was dialysed against 0.0t 1}i prosphate

buffer + 0.1% 2-ME pH 7.0 for fifteen hours. Both enzymes were precipitated
between 50 to 75% (NH4)2804 saturation by the method 2s described in Section
3.3.4. The precipitate was redissolved in 0.01 M phsophate buffer + 0.1%
2-ME and dialysed against the same buffer for fif'teen hours.

The partial purificotion of the 8. lactis C10 6-phosphogluconate
dehydrogenase and glucosc-6-phosphate dehydrogenase is shown in Table 4.2.3.

Table 4.2.3

Partial purification of the S. lactis C1 6-phosphogluconate

0]
dehydrogenase and glucose-6-phosphate dehydrogecnase.

Values obtained using the purification method in the absence

of 2-mercaptoethanol are shown in brackets.

Activity Total Activity Specific Activity

(units/cmB) (units) (units/mg protein)

Cell Free Extract

6-phosphogluconate dehydrogenase 2.2 (2.4) 705 (710) 0.134 (0.130)
Glucose-6-phosphate dehydrogenase 5.4 (5.8) 1730 (1740) 0.330 (0.214)
Dialysed Streptomycin Sulphate

Supernatant

6-phosphogluconate dehydrogenase 1.7 (1.8) 790 (810) 0.162 (0.164)
Glucose-6-phosphate dehydrogenase 3.2 (3.6) 1520 (1620) 0.304 (0.330)

Redissolved Dialysed 50-75%

SNHtle§94 Precipitate
6-phosphogluconate dehydrogenase 3.4 (4.2) 370 (390) 0.227 (0.237)
Glucose-6-phosphate dehydrogenase 9.6 (10.7) 1050 (995) 0.640 (0.600)
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S. faecalis ATCC 8043 was grown on a glucose medium as described
in Section 2.5.2. The partial purification of 8. faecalis 6-phospho-
gluconate dehydrogenase simply involved treating a cell-free extract in
0.01 M phosphate buffer pil 7.0 with streptomycin sulphate as described in
Section 2.5.2. No 2-i% wos present in the buffers. The initial
specific activity of the 6-PGDH in the S. faecalis crude extract was 0.156
units/mg and was only slightly increased by the streptomycin sulphate
treatment to 0.171 units/mg.

be? Results

Lbe3.,1 Studies on the Partially Purified 6-Phosphogluconate Dechydrogenase

from §. lactis C1O'

The enzyme samples from the cell free extract, dialysed streptomycin
sulphate supernatant and the redissolved dialysed (NHL)2804 precipitate
were all used in the study of the effect of FDP on the S. lactis 6-PGDH
activity. The enzyme samples from the preparation where 2-ME was present
in the buffers were all dialysed in 0.01 M phosphate buffer pH 7.0 for
2L hours prior to studying the FDP effect. Removal of 2-MNii was necessary
as Brown and Wittenberger (1971a) showed that the presence of 2-ME com-
pletely blocked the FDP inhibition of 6-PGDH from S. faecalis.

Using the standard assay conditions (2 mM 6-phosphogluconate and
1.0 mM NADP+) with either the standard assay buffer (80 mM tricthanolamine/
HC1 buffer pH 7.5), 80 mi +ris/HC1l buffer pH 7.5 or 80 mM phosphate buffer
KH2P04/NaOH pH 7.5, the activity of the samples was measured in the absence
of FDP and then in the presence of 0.1, 1.0, 5.0 and 10 1 I'DP.  The
6-phosphogluconate and NADP' were decreased to 0.2 mM and 0.1 mM respectively,
and the above assay procedures repeated. The enzyme samples prepared in
both the presence and absence of 2-ME and from all three stages of the
partial purification were used to study the effect of FDP on activity.

Under none of the above assay conditions, using any of the enzyme
samples, did any of the FDP concentrations inhibit the S. lactis 6-PGDH
activity. ©Enzyme activity was also unaffected by the choice of the
assay buffer. If NaD* replaced NADP' as the coenzyme, then no activity
was detected.

In the first attempt to show the FDP inhibition of the enzyme's
activity the enzyme was purified in the presence of 2-ME. The enzyme

samples were dialysed free of 2-ME before the FDP effect was studied.
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However as there was no FDP inhibition of activity, it was possible that
the purification in 2-ME had irreversibly altered the enzyme's sensitivity
to FDP. Therefore the enzyme was purified in the absence of 2-ME, but
the enzyme was still insensitive to FDP inhibition.

In a personal communication from Dr C.L. Wittenberger it was
suggested that the order oi' addition of components of the assay mixture
was important. The reaction when initiated with NADP™ rather than enzyme,
was more sensitive to FDP inhibition. Therefore FDP inhibition was also
tested by adding NADP" last to initiate the S. lactis C1O 6~-PGDH reaction.
In this assay, the assay components were added to the curvette in the
following order: buffer, 6-phosphogluconate, FDP and enzyme. The com-
ponents are mixed and incubated at 250C for three to five minutes. The
reaction was then initiated by adding NADPY. The two different NADP'
and 6-phosphogluconate conccntrations were used and the FDP wes tested
at concentrations of 0.1, 1.0, 5.C and 10 mM FDP. Again, howcver, no

inhibition by FDP was detected.

4.3.2 Studies on the 6-Phosphogluconate Dehydrogenase from
S. faecalis ATCC 8043.

Because of the failure to demonstrate FDP inhibition of the
S, lactis C10
Brown and Wittenberger (197ia) on the 6-PGDH of S. faecalis MR (also
strains 10C1 and N-55). Note thet in this study a different S. faecalis

6-PGDH, attempts were made to repeat the observation of

strain is being used.

The samples from the cell-free extract and the dialysed strepto-
rnycin sulphate supernatant from S. faecalis were assayed for the effect
of FDP on 6-PGDH activity. The same assay conditions were tried for the
S. fuecalis enzyme as werc used in the study of the FDP effect of the
S. lactis 6-PGDH activity.

At none of the assay conditions did any of the FDP concentrations
inhibit the S. faecalis 6~PGDH activity. The enzyme's activity was also
unaffected by the choice of the assay buffer.

Le3.3 Studies on the Partially Purified Glucose-6-Phosphate

Dehydrogenase from S. lactis C1O'
T e B TEm e e

The effect of FDP on the S. lactis C10 glucose-6~-phosphate

dehydrogenase activity was studied using the same conditions and the
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same enzyme samples as described (Section 4.3.1) for studying 6-PGDH
except that the substrate was glucosc-6-phosphate at a concentration
of 2.0 mM or 0.2 mM.

The glucose-6-phosphate dchydrogenase was not affected by FDP

under any of the assay conditions.

Lol Discussion

The 6-phosphogluconate dehydrogenase in relatively crude preparations

fron S. lactis C1 and from g. faecalis ATCC 8043 was shown to be insensitive

to FDP inhibitionounder all of the assay conditions tried. This differs
from the results of Brown and Wittenberger (1971a) where the enzyme from
S. faecalis MR (also for two other S. faecalis species and from five other
unrelated organisms) was specifically inhibited by FDP. While the
discrepancy between the finding on the present study and those of Brown
and Wittenberger (19712) and later extensive studied by Bridges and
Wittenberger (in press) have not been resolved, some possible reasons for
the difference should be considered.

Bridges and Wittenberger (in press) state that the FDP inhibition
of the S. faecalis MR (now designated as ATCC 27792) 6-phosphogluconate
dehydrogenase is a complcx phenonenon. Buffers such as imidazole,
glycylglycine, Bicine and histidine markedly decrease the degree of
inhibition by FDP. Brown and Wittenberger (1971a) showed that the
presence of 2-mercaptoecthanol prevents FDP from inhibiting the S. faccalis
6-PGDH. Removal of 2-ME by dialysis restores FDP sensitivity. If
ethylenediaminetetra acetate (EDTA) was present in buffers, the enzyme
became insensitive (or very much less sensitive) to FDP. However dialysis
of free EDTA did not restorc FDP activity.

In the present study, no EDTA was present at any stage of the
purification or assay, the use of 2-ME was avoided in the second
purification from S. lactis and was not present in the crude extract from
S. faecalis. The same buffer (tris/HCl) as that used by Bridges and
Wittenberger was one of the assay buffers used in the present study. None
of these factors will therefore account for the difference between the
findings of the present study and those of Bridges and Wittenberger.

The latter workers have found that inhibition is dependent on protein
concentration in crude extracts. The inability to demonstrate FDP

inhibition in the present study with relatively crude preparations from
both species must be re-investigated on more highly purified 6-phospho-

gluconate dehydrogenases.
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The use of relatively crude preparations is open to the objection
that other enzymes such cs phosphatases or FDP aldolases may be present
and hence could result in rapid removal of the FDP in the assay mixture.
However, Brown and Wittenberger (1971a) found 60-80% inhibition of 6-PGDH
in 10 mM FDP in crude cell-free extracts of S. faeccalis and other species.
No inhibition was found at 10 mM FDP in the present work on the S. lactis
enzyme. Even if aldolase or phosphatases were present at a specific
activity of 10 units/mg protein (i.e. 50 times higher than the 6-PGDH
specific activity) it would take two minutes at least to decrease the FDP
concentration from 10 mM to 1 nM. Since 1 mM FDP inhibited the partially
purified 6-PGDH by 6% in the work of Brown and Wittenberger at least a
transient inhibition by 10 mM FDP would have been detected in the present
study. In the work with LDH and pyruvate kinase crude extracts pre-
incubated with 1 mM FDP for two to three minutes before starting the
reaction with pyruvate and PEP respectively, marked activation was found,
indicating that FDP was not degraded to any significant extent in crude
extracts.

Brown and Wittenberger (1971a) found that the S. faecalis MR
6-PGDH in partially purified extracts was not completely inhibited even
by high concentrations of FDP. From this observation they suggested the
possibility that two forms of the enzyme may exist, one being scensitive
to FDP and the other bc¢ing insensitive to this inhibitor. Thesc could
be interconvertible forms or genetically distinct isoenzymcs. It wou’d
seer: unlikely that one form of the 6-phosphogluconate dehydrogenase should
be present in this study and the other form predominate in the study of
Brown and Wittenberger (1971a).

It is possible that undefined differences in the conditions of
preparation of the enzyme or bacterial growth between the present study
and that of Brown and Wittenberger (1971a) may have resulted in the trans-
formation of one form of the enzyme to another. In the present study the
culture was grown without ceration but the medium was in contact with air
whereas Brown and Wittenberger used strictly anaerobic conditions of
growth. As described for pyruvate kinase (Section 3.1), both the type
L and type M pyruvate kinases have been shown by a number of workers to
exist in two interconvertible forms, each with distinctive kinetic
properties, e.g. one form being sensitive to FDP activation and the

other form being insensitive to FDP activation.
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The medium used in the present study has 5 to 10 fold higher levels
of sugars, tryptone and yeast extract than the medium in which Brown and
Wittenberger grew their S. faecalis. If there exists regulated and
unregulated isoenzymes (or interconvertible forms) of 6-PGDH then it is
plausible that the regulated 6-PGDH might be repressed under conditions
of high carbohydrate and nutrient availability.

S. faecalis MR also possesses a NAD+-specific 6-phosphogluconate
dehydrogenase which was present only when cells were grown on gluconate
(not on glucose or lactose) as the carbon source (ucown and Wittenberger,
1972a). The NAD*-1inked enzyme was insensitive to FDP but was inhibited
by ATP. This contrasts with the constitutive N4DP'-linked enzyne which
is specifiically inhibited by FDP but is insensitive to ATP. In this
study, S. lactis C1O and S. faecalis ATCC 8043 were both grown on glucose
or lactose media lacking gluconate so the inducible NAD*-6-PGDH would not
be present. This was confirmed for S. lactis C1O as the extracts showed
no 6-PGDH activity if NAD' was the coenzyme.

Clearly this preliminary study has indicated that further work is
required before the function of the S. lactis C10 and the S. faecalis
ATCC 8043 6-phosphogluconate dehydrogenase in the control of carbohydrate

metabolism can be discussed with any degree of certainty.



SECTION 5.

IN VIVO METABOLITE CONCENTRATIONS

o
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Dleil Introduction.

In studying the properties of the S. lactis C10

kinase, a number of findings have indicated that a study of the intra-

LDH and pyruvate

cellular concentrations may help to solve some of tie problems raised Ly
the in vitro kinetic studies, for example the widely different FDP
requirements for the LDH, depending on the buffer used in the assay.
Comparison of in vivo concentrations of effectors with kinetic properties
determined in vitro by other workers has proved uccful in assessing the
physiological significance of particular properties.

Taylor and Bailey (1967) found that the high affinity of the liver
pyruvate kinase for FDP was matched by a low intracellular FDP concentra-
tion, and suggested that the FDP stimulation constitutes a switching
niechanisn from liver glycolysis to gluconeogenesis via a positive feed-
forward effect. Van Berkel et al. (1974 ) showed that if the pyruvate
kinase (L—type) from rat liver was studied at in vivo concentrations of
PEP then the kinetic properties are such that the enzyme can be controlled
by FDP, contrary to the conclusion of Koster gt al. (1972), who studied the
enzyme at elevated non-physiological PEP concentrations.

There appear to have been relatively few previous studics of the
concentration of glycolytic intermediates in lactic acid bacteria.
Mizushima and Kitahara (1964 ) studied the intracellular concentrations of
glycolytic intermediates in glucose-metabolising, washed cells of
Lactobacillus plantarunm. They ured the methods of Bartlett (1959a ané b)

to isolate the intermediates by ion exchange column chromatography and
determined the intracellular concentrations by chemical methods.,
Fermentation was stopped by pouring the reaction mixture into ten volumes
of boiling water. The concentrations of some of the glycolytic inter-
mediates were found to be quite high: 17 mM FD?; 35 mM 3-phosphoglycerate
and 5.5 mM PEP.

A quicker and more sensitive method was used by Lowry et al. (1971),
who studied the effect of carbon and nitrogen sources on the level of
intracellular concentrations in logarithmically growing E. coli. The
medium was separated from the cells by rapid filtration and cell
metabolism was immediately stopped by rapid freezing of the filter plus
cells. HClOLL was used to extract the metabolites and fluorometric-
enzymatic analysis measured the concentrations. This general method of
Lowry et al. (1971 ) was used for the measurement of intracellular

metabolites in §. lactis C1O'
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Collins and Thomas (1974) used the method of Lowry ct al. (1971)
to measure the intracellulcr metabolite concentrations (PEP, ADP and FDP)
present in exponentially growing S. lactis ML3 and compared the values
to the in vitro kinetic properties of pyruvate kinase.

The study by Collins and Thomas (1974) was therefore used as a
basis for the study of the intracellular metabolitc concentrations present
in S. lactis C

1e’

pyruvate measured in S. lactis C10 will be related to the relevant in vitro

kinetic properties of LDH and pyruvate kinase studied in Sections 2 and 3

of this thesis. |

The in vivo concentrations of ATP, ADP, FDP, PEP and

The intracellular metabolite concentrations were measured at
different stages of growth of S. lactis C1O' |
The LDH of S. lactis C10
properties from the LDH of S. fzecalis (Section 2.5 of this thesis and

was shown to have different in vitro

Wittenberger and Angelo, 1970). The metabolite concentrations were also
deternined in S. faecalis to see if any major concentration differences

exist between the two species that may relate to their distinctive

in vitro LDH properties. Data for Lactobacillus casei var. rhamnosus

(ATCC 7469) are also reported in this section since this species has a
FDP~activated LDH in which the FDP 0.5V
on assay conditions (Holland and Pritchard, 1975). The work on

value varies widely depending

L. casei, reported in this section of the thesis, was carried out by
Dr G.G. Pritchard at thc same timec and with the same methods as for

S. lactis and S. faecalis.
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5e2 Materials and Methods.

He2.1 Organisms.

was maintained as dcscribed in

0
Section 2.2.1 and grown at 30°C in the medium of Jago gt al. (1971)

(see Section 2.3.1).

Streptococcus lactis(%

Streptococcus faecalis ATCC 8043 was grown on the same medium and

under the same conditions as for S lactig C1O'

Lactobacillus casei var. rhamnosus (ATCC 7469) was obtained from

the National Collection of Industrial Bacteria, Torrey Research Station,

Scotland. It was grown at 30°C in the medium of Gasser (1970).

54242 Chemicals.

Aldolase (10 units/mg), X-glycerophosphate dehydrogenase-triose
phosphate isomerase (rabbit muscle type II), lactate dehydrogenase (rabbit
muscle type II, 960 units/mg), pyruvate kinase (390 units/mg), glucose-6-
phosphate dehydrogenase (type XII from Torula Yeast, 420 units/mg, sulphate
frce) and hexokinase (type F-300, from Bakers Yeast, 200 units/mg, sulphate
free) were all obtained from the Signa Chemical Company. Adenosine
51—triphosphate (ATP), Phosphoenolpyruvate (PEP), Adenosine 51-Diphosphate
(4DP), NADH, NADP' and imidazole (low fluorescence blank) were also obtained
from Signa. MgC12, KC1l and K.2003 were obtained from BDH (Anala R grade).

Glucose and HClO, were obtained from Hopkins and Williams, and Riedel-D. Haen,

L

respectively.

5e2.3 Extraction of Intracellular Metabolites.

The cell samples were collected at the times indicated in Section
5.3.1 and the intracellular metabolites were extracted by the method of
Lowry et al. (1971 ) as modified by Collins and Thomas (1974). The cells
were collected from 15, 25 or 50 cm3 of medium, depending on cell density,
by rapid filtration on a 47 mm diameter membrane filter (Millipore Corp.,
0.8 pm pore diameter). As soon as the liquid had been removed (30 to
60 seconds) the filter was placed on a stainless-steel block which was
partially immersed in liquid nitrogen. The frozen filter was broken
with forceps and put into a 15 cm3 centrifuge tube containing 5 cm3 of
036 M HClOl+ at 0°C. The tube and contents were thoroughly mixed and
left for twenty minutes on ice. A calculated amount of K'QCO3 was added

to the tube contents to neutralize the HClQh. The resulting KCth and
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filter remains were removed by centrifugation and the supernatant fluid
(pH 6.4 to 6.8) for each extracted sample was divided into three equal
volumes and stored frozen until it could be anelysed as described in the

next section.

5244 Measurement of the Intracellular Metabolites.

The extracted metabolites were stored frozen. The next day
aliquots of the samples were thawed and used for determination of the
intracellular concentrations of triosephospkates and FDP. Samples stored
frozen for two days were used for determination of the intracellular con-
centrations of PEP, ADP and pyruvate. Samples stored frozen for three
days were used for determinations of the intracellular concentration of
glucose-6-phosphate (G6P) and ATP. The concentration of all nctabolites
appeared to be constant for at least two further days if the extracts
were refrozen and subsequently thawed and the measurements repeated. It
was therefore assumed that the limited storage of the extracts did not
affect the concentration of the netabolites to any significant extent.

All measurements of the intracellular metabolites were performed
by fluorometric-enzymatic analysis of the extracts at 250C with NADH
indicator systems as described by Lowry et al. (1971). A Model 430
Spectrofluorometer from Turncr Associates was used, set at an excitation
wavelength of 350 nm and an emission wavelength of 468 nn. The sensitivity
of the Spectrofluorometer was kept constant by standardization with a

quinine sulphate/H solution. Though 85 mM imidazole was present in

2SO4
the assay mixture, the samples still gave some fluorescence, so that for
cach extract a suitable blenk had to be used. The slight quenching of
NADH fluorescence by the assay enzymes was accounted for by appropriate
blanks. As well as standardizing the fluorescence changes with different
concentrations of NADH, standardization was also carried out with the
appropriate assay systems using known concentrations of ATP, FDP and
pyruvate. The fluorescence changes obtained from equivalent concentra-
tions (i.e. taking into account that FDP is equivalent to 2 NADH) were

the same for both methods.

A) Measurement of Triosephosphates and FDP.

FDP was measured by coupling aldolase, triosephosphate isomerase
and oX-glycerophosphate dehydrogenase reactions and measuring the
decrease in fluorescence due tc removal of NADH after completion of

the reaction. Triosephosphates were measured in samples by omitting
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aldolase from the reaction mixture. The presence of triosephosphates
in the extracts was corrected for, in the determination of the FDP
concentration.

The reaction mixture containcd 85 mM imidazole/hydrochloride
buffer pH 7.0, 5 pM NADH, 30 pg aldolase, 6 pg of triosephosphate
isomerase-{-glycerophosphate dehydrogenase mixture and extract (up to

3

0.1 cmj) in a final volumc of 2.5 cm”.

B) Measurement of PEP, ADP and Pyruvate.
PEP and ADP were measured by coupling pyruvate kinase and LDH

reactions and measuring the decrease in fluorescence due to NADH after
completion of the reaction. Pyruvate was measured in the extracts by
omitting pyruvate kinase from the reaction mixture. The presence of
pyruvate in the extracts was corrected for in the determinations of PEP
and ADP concentrations.

The reaction mixture contained 85 mM imidazole/hydrochloride buffer
pH 7.0, 5 uM NADH, 4 mM MgClZ, 80 mM KC1l, 20 pg of LDH, 8 pg of pyruvate
kinase, either 200 uM ADP or 80 uM PEP (for PEP and ADP measurements,
respectively) and extract sample (up to 0.1 cmj) in a final volume of

2.5 cmj.

C) Measurement of ATP and G6P.

ATP was measured by coupling hexokinase and glucose-6-phosphate
dehydrogenase reactions and measuring the increase in fluorescence of
NADFH after completion of the reaction. Glucose-6-phosphate (G6P) was
measured in the extracts by omitting hexokinase from the reaction mixture.
The presence of G6P in the cxtracts was corrected for in the calculations
of ATP concentrations.

The reaction mixture contained 85 mM imidazole/hydrochloride buffer
pH 7.0, 30 uM NADP', 5 mM MgCl,,
phosphate dehydrogenase, 10 pg of hexokinase and extract sample (up to
0.1 cm3) in the final volume of 2.5 om .

200 uM glucose, 2.5 pg of glucose—6-

In the measurement of most intracellular metabolites (PEP, FDP,
ATP, G6P, Pyruvate and triosephosphates) reaction was complete within
five to ten minutes. However in the measurement of intracellular ADP,
the reaction was still not complete after ten minutes. The reaction

rate for the assay mixture neasuring intracellular ADP was biphasic.
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The first phase of the decrease in fluorescence was fast, lasting

between five to ten minutes, followed by a much slower decrease in
fluorescence (five to ten fold slower) which reached a constant value
after sixty to seventy minutes. Using standard ADP this slower rate

of decrease in fluorescence was not noticed. The fast phase of the
reaction was therefore taken to be the correct measure of the intra-
cellular ADP concentration. The continued slow decrease after completion
of the fast phase may have been due to nucleotides other than ADP also
being measured. Both the concentration of ADP calculated from the
fluorescence change after the fast fluorescence decrease and concentration
calculated from the total fluorescence change after the slow fluorescence

will be given.

5e2eH Determination of Intracellular Volume.

The intracelluluzr volume of the bacteria harvested from cultures

was determined by two methods.

Method A. Cell samples were collected from 25 to 50 cm3 of medium

on a 47 om diameter membrane filter (Oxoid, 0.45 um pore diameter). Just
prior to collecting the sanples, 25 to 50 cm3 of medium was run through
the filter. The wet filter was quickly weighed and then used to collect

the cells. The wet weight of cells from 25 to 50 cm3 of mediwa could then

be calculated. From a graph of wet weight of cells/25 cm3

medium against
time the wet weights of samples taken for metabolite estimation could be
determined.

The intracellular volume was calculated from the wet weight of
cells on the assumption that the density of the cells was 1.1 g/cm3 (a
mean value taken for estimates for a number of bacterial species) and
that the ratio of protoplasm to total cell volume was 5/6. The ratio
of preotoplasm to total cell volume was estimated from electron micrographs
of S. lactis ML3 (Thomas, 1568). This calculation of intracellular volune
did not take into account the interstitial water and therefore would lead

to high values being calculated for the intracellular volune.

Method B. The second method takes into account the interstitial
water. A conversion factor, derived by J. Thompson, and reported by
Collins and Thomas (1974) was used to convert the dry weight of cells to
their intracellular volume. The method used by Thompson was based on

that of Black and Gerhardt (1962) in which the volume external to the
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protoplast membrane was determined with 140 sucrose (which does not

penetrate the membrane) and total fluid volume with tritiated water.

Thompson determined that 1 g (dry weight) of bacteria had a protoplasmic
3

volume of 1.6 cm”. He has found that this conversion factor is consis-

tant for several streptococcal species, including S. lactis C1 The use

o.
of this factor in determining the intracellular volume for S. faecalis

ATCC 843 and E. casei may be subject to some error.

5.2.6 Measurement of Manganese Content of Cells.

The manganese content of S. lactis C10 cells was determined as

follows: One sample was collected from exponentially growing cultures
(0.125 g wet weight of cells/25 cm3 medium) and another sample from
cultures near the end of the logarithmic phase of growth (0.24 g wet
weight of cells/25 cm3). For both samples, the cells were collected from
450 cm5 of medium by centrifugation at 13,000 g for twenty minutes. The
pellet of precipitated cells was quickly resuspended in 1% NaCl solution
and reprecipitated by centrifugation at 13,000 g for ten minutes. This
washing procedure was repeated once more before the cells were frozen.
One week later the frozen cells were dried at 1OOOC, then ashed at 500°C.
The ashed material was dissolved in 10 cm3 of 0.1 M HCl and the manganese
concentration was measured on an Atomic Absorption Spectrophotometer

(Varian-Techtron) by Dr R. Brooks.

5+2+7 Determination of Reducing Sugar Present in Medium.

The amount of reducing sugar present in the medium at different
stages of growth was determined. Cells from growing cultures were
renoved from the medium (20 cm3) by centrifugation at 15,000 g for ten
minutes. The medium was then frozen until used for determination of the
reducing sugar.

The reducing sugar content in the cell-free medium was determined
by the Somogyi-Nelson Method (Somogyi, 1952). To 1 cm3 of suitably
diluted sample, 1 cm3 of Somogyi's copper reagent was added and the mixture
placed in a boiling waterbath for ten minutes. The mixture was cooled and
1.0 cm3 of Nelson's arscnomolybdate reagent was added, followed by 7 cm3
of distilled water. The sample was mixed and absorbance read at 520 nnm.

A standard curve was constructed using known amounts of lactose as the

reducing sugar.
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5.3 Results and Discussion from Studies on the Intracellular

Metabolite Concentrations.

5¢3e¢1. Growth of S. lactis C10

In studying the intracellular concentrations of metabolites in

S. lactis C two cultures were grown. The first culture was a trial run,

s
so only foulosamples were taken to determine the intracellular concentrations.
Two of these were from log phase and two when the culture had entered
stationary phase. In the second experiment, eight samples were taken to
determine the intracellular concentrations. It was intended to take

samples covering a range of growth stages from mic—exponential phase to

the stationary phase. However, before the last three samples from the
second experiment were taken, the pH of the medium was inadvertently
increased to pH 9.5 by excess addition of NaOH (which was being added to
maintain the pH near 6.5). The growth of the S. lactis 010 in the second
experiment is shown in Figure 5.3.1. In the same figure, the reducing

10 growth.

The jump in pH from 6.25 to 9.5, six hours after inoculation, caused a

sugar concentration is shown as a function of the S. lactis C

rapid cessation of bacterial growth and of reducing sugar utilization.

5.3+2 Intracellular Metabolite Concentrations from S. lactis C1O:

First Experiment.

For the first experiment, two samples were taken from exponentially
growing cultures and two samples were taken from the stationary phase at
the end of growth. The intracellular concentrations of the metabolites
(FDP, triosaP%fS, G6P, ATP, Pyruvate, PEP and ADP) were determined in the
four samples. Results are shown in Tables 5.3.2 a and b.

The intracellular concentrations, as estimated using intracellular
volumes calculated by Method B, are 1.9 times higher than the concentrations
estimated from the intracellular volumes calculated by Method L. This
difference indicates that the error introduced in Method A by interstitial
water is significant.

The two samples from the exponentially growing culture gave very
similar metabolite concentrationse. The two samples from the stationary
phase also gave very similar concentrations. However some of the
netabolites are present at different concentrations at the two different

sampling times. The metabolites FDP, G6P and ATP appear to decrease
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Figure 5.3.1
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The growth of Streptococcus lactis C10 in the routine medium is shown. The pH was
increased from the normal pH of 6.25 + 0.25 to pH 9.5 with excess NaOH 6 hours after
innoculation. The medium was innoculated with a log phase culture.
KEY: (0O), bacterial mass (wet weight of bacteria/25cm3 of medium).

(m), absorbance at 600nm.

(O), g reducing sugar/litre.



Table 5.3.2 a and b

The intracellular concentrations of metabolites

Table a

First experiment for S. leoctis C

10

to determine the intracellular volume.

206.

whiere Method A of Section 5.2.5 was used

Wet Weight
of bacteria

Intracellular concentration of metabolé}es (mM)

(g/25 cm’) FOP | Triose PO,S| G6P [ ATP | Pyruvate | PEP ApP*®| app*B
0114 6.3 17 3.3 9.1 0.93 0.86 3.5 17.6
0.126 7.3 158 3. 8.6 0.95 0.92 3.2 170
0.364 2.0 1.6 1.5 2.8 1.30 1.05 2.0 15.4
0.363 2.1 1.6 1.0 2.6 1.20 1.00 2.1 15.6

Table b
First experiment for S. lactis C10 where Method B of Section 5.2.5 was used
to determine the intracellular volume.
0114 12.0 3.2 6.3 | 17.2 1.7 1.6 6.6 33.0
0.126 13.8 - 6.5 | 16.3 1.8 1.7 6.0 32.0
0.364 I8 3.0 2.8 5.1 2.5 2.0 3.9 28.0
0.363 4.0 3.0 1.9 4.9 2.3 1.9 4.0 205

from the fast phase of thc rcaction.

B The ADP concentration that is calculated from the total fluorescence

change after the slow phase of the reaction was completed.

A The ADP concentration that is calculated only from the fluorescence change
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approximately three fold in concentration as the exponentially growing
cultures enter stationary phase. These results indicate that it is
important to investigate the intracellular metabolite concentration at

different phases of growth of S. lactis C1O'

5¢3.3 Intracellular Metabolite Concentrations from S. lactis C, .:
S mﬂ O

Second Experiment.

In the second experiment, eight samples were taken from the S. lactis
C10 culture. Five of these samples were taken at successive time intervals
from exponentially growing cultures. The last three samples were taken
late in exponential phase, after the medium pH had been increased to 9.5
(sec Figure 5.3.1). The intracellular concentrations of mctabolites in
S. faecalis and L. casei (each from two samples), from exponentially grow-
ing cultures, were also determined. The results for the different

metabolite concentrations present in S. lactis, S. faecalis and L. casei

are shown in Table 5.3.3. The protoplast volume as calculated by
Method B was used to estimate the intracellular concentrations.

The concentrations for the metabolites present in exponentially
growing cells of S. lactis C10 are only slightly higher than the two
values taken from sanmples at a similar growth phase in the first experiment.

The intracellular concentrations present in the three samples (see
Table 5.3.3) taken from the §-.}§££i§ culture after the pH had been
accidentally increased to 9.5, are substantially different from the con-
centrations determined from the five samples obtained from the
exponentially growing cultures. The FDP concentration has decreased by
ten fold, the G6P by four fold and the ATP concentration by eighteen fold.
The pyruvate, PEP and ADP concentrations on the other hand, have increased
at least two fold as the pH was increased to pH 9.5. The changes in the
concentrations mey be due, in part, to the culture being near the end of
the exponential growth phase, but by far the most important reason for
the change would be the alkaline pH stress. Since the pH increase is
well above the limit that cells are likely to encounter under natural
conditions, it would be unwise to draw conclusions on the physiological
significance of the change induced. The lowering of the FDP concentra-
tion could result in increasing the PEP and pyruvate concentrations by
changing the activity of the LDH and pyruvate kinase. The fact that

the intracellular metabolites changc their concentrations markedly with
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Table 5.3.3

The intraceilular concentration of metabolites

in S. lactis, S. faecalis and L. casei.

This was the second experiment for S. lactis C For all three speci.s

90"
Method B of Section 5.2.5 was used to determine the intracellular volune.

Wet Weight Intracellular concentration of metabolites (ml))

of bacteria

(g/25 en?) | Mn**| FDP |Triose P0,S| G6P| ATP [Pyruvate| FEP apP® |appB

S. lactis
0.055 14,9 4.5 9.6 |19.8 2.6 1.9 7.6 1 11.5
0.109 14.9 4.0 5.7 |18.0 1.9 gl T 7.8 | 44.0
0.118 0.50} 13.2 3.2 6.4 | 20.8 Ly 1.9 7.7 | 43.0
0.155 13.2 2.5 8.3 |18.9 B 2.3 7.9 1 45.0
0.189 12.7 2.3 L2 | 11.7 265 1.7 7.7 1 43.0
0,241 1.8 1.3 P 153 R S5m3§ 15:5 4 75.0
0.240 1.1 1.3 0.94%§ 0.94{ 11.9 5.71 15.7 1 77.0
0.240 0.26; 1.0 U3 0.944§ 1.3 12.3 5.71 15.3 | 75.0
0.021 4.7 ks 7 L.2 4.9 24.0 alts 8.5 | 47.0
0.023 4.3 2.3 4.0 5.2 26.0 8.5 8.5 1 47.0
0.071 22.0 3.2 6.4 §14.2 6.2 i 9.4 55.0
0.098 50.0 {11.7 3.2 5.7 {12.9 3.8 3.64 8.9 § 49.0

¥A The ADP concentration that is calculeted only from the fluorescence change

from the fast phase of the reaction.

o

B The ADP concentration that is calculated from the total fluorescence

change after the slow phase of the reaction was completed.
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the alkaline pH stress does illustrate that further experiments using
less extreme stresses and studying their subsequent effect on the
intracellular metabolite concentrations might lead to a better under-
standing of streptococcal glycolrtic control.

In comparing the intracellular metabolite concentration of the
three species studied (results shown in Table 5.3.3) it must be borne
in mind that the growth medie for the three species are somewhat
different, the stage of growth at which the samples were taken is con-
siderably earlier for S. faecal’s than for the ctlier two species, and the
factor used for calculating intracellular volume of S. lactis may be
different for the other two species.

There is however quite close agreement between the concentrations
of metabolites in S. lactis and those of L. casel except that pyruvate
and PEP are higher in L. casei. On the other hand, the concentrations
in the two early log phase samples from S. fagcalis are quite different
from the concentrations in the earliest samples of the S. lactis cultures.
Notable differences are the lower FDP concentration in S. faecalis and
also the lower ATP/ADP ratio and the much higher pyruvate and ;EP con-
centrations. It is interesting to note that high pyruvate ana PEP
concentrations correlated with low FDP and ATP in the samples from

S. faecalis. This trend was also evident in the last thrcc samples

e

differenv. L. casei was grown in a medium containing 0.22 mM Mntt
whereas no Mn** was added %o the 3. lactis medium. The high Mn™* con-
centration in L. casei is of interest in relation to the activation of
the LDH in this species by Mn"* (de Vries et al., 1970; Holland and
Pritchard, 1975)» The concentration of Mn'T is ~alculated on the
assumption that the Ma~ "~ is distributed homogeneously throughout the
cell volume which is unlikely to be the case. Even so the Mn** con-
centration present in L. casei (see Table 5.3.3) is very high and may
be sufficient to affect the LDH activity. Such a high in vivo Mn'’
concentration implies an active transport system for Mntt.

The LDH's from L. casei (Holland and Pritchard, 1975) and
S. lactis (this thesis) are sensitive to phosphate whereas the
S. faecalis LDH is insensitive to phosphate inhibition (this thesis).
Both S. lactis and L. casei have apparently kigher in vivo FDP con-

centrations than found in S. faecalis. This might imply a high
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in yivo FDP concentration present in L. casei and S. lactis to overcome
phosphate inhibition of the LDH. However the in vivo FDP concentration
present in S. faecalis is still significantly higher than the in vitre
FDP requirement for its activity. Beceause of this, the difference
between the in vivo FDP concentration of S. faecalis and S. lactis is
not necessarily related to the differential effect on LDH activity.
Collins and Thomas (1974) studied the intiracellular concentration

of metabolites in exponentially growing S. lastic ML, using virtually

identical methods to those in the present study-. Tie concentrations
reported for S. lactis ML3 are: FDP = 18.3 ¥ 1.8 mM; ADP = 2.4 Yo.3mM
and PEP = 0.76 I 0.15 mM. The values found in exponentially growing

o are shown in Table 5.3.3 where FDP = 12.7 to 14.9 nlM;

ADP = 7.6 to 7.9 mM and PEP = 1.7 to 2.3 mM. The FDP concentrations

are of the same order but the PEP and ADP concentrations are considerably

S. lactis C1

lower in S. lactis ML A likely reason for the differences is the

5
different media used. Collins and Thomas (1974) used & T5 mediunm as
described by Thomas et al. (1974). The T5 medium contains 0.5% lactnrca

compared to the 3% used for S. lactis C1O and the concentration of

protein hydrolysates were also considerably lower in their mediume.
Mizushima and Kitahara (1964) estimated the intracellular gly2o0l:5ic

concentrations in lactobacillus plantarum by very different methods to

.and S. lactis ML

those used for S. }Qgg;q C1 Their estimate of the

o] 3"
FDP (17 oM) and PEP (5.5 mk) wer. similar to the rcspective concentrati ons

found in the two S. lactis species.

2.5.4 Relation of the Intracellular Metabolite Concentrations to the

Kinetic Parameters of the S. lactis CﬂCLPDH and Pyruvate Kinase

A. Lactate_dehydrogenase. For S. lactis the appropriate intra-
cellular metabolite concentrations present in an exponentially growing
culture are shown along with the respective kinetic parameters for LDI
in Table 5.3.4a. The in vivo FDP concentration is at a sufficiently
high level to fully activate the enzyme in vitro even if the high
FDP 0.5V value found in phosphate buffer represents the in vivo affinit:r
of the LDH for FDP. The in vivo FDP concentration was three times that
required for half maximal activity (FDP O.5V) determined in phosphate

buffer and 6,000 tima~ #+h~* -~ocquired for half maximal activity determincAd



Table 5.3.4a

Relation of intracellular metabolite concentrations to the LDH kinetic parameters

Intracellular concentrations of metabolites determined FDP ATP ADP ruvate
from an exponentially growing S. lactis culture. (EﬁT (Eﬁj (Eﬁj mM
(Values from Table 5.3.3) 12.7 1.7 7.6 1.9

The variation of metabolite concentration is shown as to to to to
determined from the first five samples. 14.9 20.8 7.9 3
Respective kinetic parameters for S. lactis LDH. FDP 0.5V KI ATP Ki ADP KM Pyruvate
(Values from Section 2.4) Wji m W W)_
The standard assay conditions: 90 mM buffer pH 6.9, h-hA

0.167 mM NADH, 10 oM pyruvate and 1 mM FDP. 0.2B 2.AB Z.AB 1.25B
A. Standard assay - phosphate buffer 0.002 £ 1.25C

B. Standard assay -
C. Standard assay -
D. Standard assay -

tris/maleate buffer
triethanolamine/HC1l buffer

phosphate

buffer except

6.67 oM FDP.

——

5.7

‘e
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in triethanolamine/HC1 buffer. In view of the fact that the LDH would
appear to be fully activated it is somewhat surprising that there is a
measurable pyruvate concentration. The in vivo pyruvate concentration
is not much different from the KM values for pyruvate. Since inhibiiion
of S. lactis LDH (12 33353) occurred only at pyruvate concentrations
greater than 20 mM, it is clear that pyruvate inhibition is of little
physiological significance.

Although the FDP concentration is apparently more than adequate
to fully activate the LDH even at a high in vivo phosphate concentration,
it may be that other factors influence or modulate the FDP activity.
Both the in vivo ATP and ADP concentrations are high enough to produce
inhibition of LDH activity under in vitro assay conditions. It is
possible that the high in vivo FDP concentration may overcomec the
nucleotide inhibition. However it would be necessary to study ATP and
ADP inhibition at different FDP concentrations to establish whether these

two components interact in determining LDH activity.

B. Pyruvate Kinase. In Table 5.3.4b the relationships between
the appropriate intracellular metabolite concentrations are shown along
with the respective kinetic parameters determined for pyruvate kinase.
The concentration of FDP in exponentially growing cells is again
sufficiently high to fully activate the enzyme on the basis of in vitro
assay data. The enzyme assayed in the presence of 1 mM phosphate, has

the highest FDP requirement (0.93 mM) which may be compared to

in vivo FDP concggigations of 12.7 to 14.9 mM. The high in vivo FDP
concentration may be due to the presence of a high in vivo phosphate
concentration in which case high FDP concentration (Table 5.3.4b) could
then overcome the phosphate inhibition of pyruvate kinase. This
explanation is much more probable for pyruvate kinase than for LDH since
concentrations of phosphate which inhibit pyruvate kinase (Phosphate 0.5I =
0.7 mM) are quite likely to prevail in vivo. A concentration of

phosphate sufficiently high to affect LDH activity (Phosphate 0:51 =

50 mM) would completely inhibit pyruvate kinase activity.

The KM value for ADP and the PEP 0.5V values are lower than
their respective intracellular concentrations except for the PEP 0.5V
value estimated in the presence of 1 mM phosphate and 1 mM FDP, which
is 2.5 times higher than the in vivo concentration. The potential

influence of phosphate in effecting pyruvate kinase activity is again

apparent.



Table 5.3.4Db

Relation of intracellular metabolite concentrations to the pyruvate kinase kinetic parameters

Intracellular concentrations of metabolites determined Mn** FDP ATP ADP PEP
from an exponentially growing S. lactis culture. (;ﬁj TEE) (Eﬁj (EﬁT (Eﬁj
(Values from Table 5.3.3) 0.25 12,7 11 o 7.6 1.7
The variation of metabolite concentration is shovn as to to to to to
determined from the first five samples, except the 0.5 14.9 20.8 7.9 2.3
Mn** concentration.

Respective kinetic parameters for S. lactis pyruvate Mot 0.5V FDP 0.5V ATP 0.5I KM.ADP PEP 0.5V
kinase. (Values from Section 3.4) (oM) (M) (mM) (mM) (mM)
The standard assay conditions: 13.3 oM KCl, 3.3 mM 1-3A O.16A 2.2A 1.5A 0.12A
MgClz, 80 mM triethanolamine/HC1 buffer pH 7.5, O.93B 5.OB
3.3 oM ADP, 1.0 mh FDP and 1.0 mM PEP. 0.02° 0.03°
A. Standard assay O.18D O.AOD
B. Standard assay except 1 mM Phosphate present 0.45E O.13E
C. Standard assay except Mg++ is replaced by Mntt 5.5P

D. Standard assay except pH 6.2 4.7G

E. Standard assay except pH 8.75

F. Standard assay except 80 mM K+, 8 mM Mg++

G. Standard assay except no FDP present

‘e
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The in vivo ATP concentration is higher than the ATP .51 value
and may imply that ATP, as well as phosphate, may be partially inhibiting
the pyruvate kinase. Aven under conditions of very high carbohydrate
availability (as was the case in the present study) some control of
pyruvate kinase activity is cssential to ensure that adequate PEP is
available for the PEP-phosphotransferase system for continued carbo-
hydrate uptake. The high steady state level of ATP generated during
active glycolysis may serve to modulate the FDP activation of the pyruvate
kinase as well as the LDH.

The in vivo Mn** concentration was determined in S. lactis at two
different stages of growth (see Table 5.3.3). The Mn** concentration
in a sample from the exponential phase (0.5 mM) was approximately
double that of a sample (0.26 mM) from the culture that had been sub-
Jected to alkaline pH stress. The bacterial mass of the second sanple
was twice that of the first sample. It may be that all thec mediun Mnt*
had been transported into the bacterial cells by the time the first sample
was taken and the Mn** contentration was subsequently diluted by cell
growth. The Mn*" intracelluler concentration (0.5 mM) present in
S. lactis is probably not sufficiently high to effect the pyruvate
kinase activity in vitro very markedly (see Table 5.3.4b). The

++

Mn value with saturating FDP present is 1.3 mM Mn++, twice the

0.5V ,
total in vivo level (the free Mn'" in the | plastiill probably be a

lot lower). However with 2 Mn® supplenent iA the medium, thc in vivo
concentration could ecsily be sufficiently high to affect in vivo
functioning of pyruvate kinzse since Mn** increases the affinity for

both PEP and FDP. The effect of added Mn** on the in vivo concentra-
tions of glycolytic intermediates would be of considerable interest to
investigate. A Mn** supplemented nediun for S. faecalis may beneficially
effect growth as Mn** appeared, from in vitro evidence, to activate the
LDH. The in vivo concentration of pyruvate in the S. faecalis cells

was high (24 to 26 mM), suggesting thet the LDH was not fully active.

A high in vivo concentration of Mn*t nay activate the S. faecalis LDH

with a subsequent drop in the pyruvate concentration.
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Section 6

Summary cf main conclusions and

suggestions for further work.

The aim of the present study was to investigate the kinectic
properties of three enzymes of potential importance in the regulation of
carbohydrate metabolism and to relate these properties to the in vivo
levels of substrates and effectors. Two enzymes, lactate dehydrogenase
and pyruvate kinase, were investigated in some detail; the third cnzyme,
6-phosphogluconate dehydrogenase, was subjected to a preliminary
investigation only.

The S. lactis 6-phosphogluconate dehydrogenase (6-PGDH) did not
appear to be inhibited by FDP. This contrasts to the findings of Brown
and Wittenberger (197a) who found that FDP inhibited the S. faecalis
enzyme. In the present study, the 6-PGDH from S. faecalis (but a
different strain from that uscd by Brown and Wittenberger) was also
studied and like the S. lactis enzyme, no FDP inhibition could be demon-
strated. Because of the preliminary nature of this investigetion, further
work is required to resolve the conflict between the findings of the
present study and those of Brown and Wittenberger (1971a) and to establish
what factors control the operation of the oxidative portion of thc HMP
pathway in S. lactis.

In the kinetic studies on the S. lactis LDH, FDP was shown to be
an allosteric activator of' the enzyme. An important finding from these
studies on S. lactis LDH was, the very large influence which the choice
of buffer components has on the kinetic properties. Although phosphate
buffer had the most striking effect on the in vitro properties, there were
also differences between the properties in tris/maleate and triethanolamlne/
HC1 buffers. Realization of this buffer effect is important not only in
relating the in vitro properties of the enzyme to in vivo control but also
in comparing the S. lactis C10 LDH with other streptococcal FDP-activated
LDH's. The buffer effcct raises the problem of deciding which in vitro
properties best represent the properties of the enzyme that are important
in its in vivo control. The S. faecalis ATCC 8043 LDH was studied briefly
to compare it with the S. lactis enzyme. The major finding was its
relative insensitivity to phosphate inhibition and effect of Mn**t in

activating the enzyme.
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The kinetics of the S. lactis C10 pyruvate kinase were more com-
plex than those of LDH, for as well as requiring FDP as an activator,
pyruvate kinase also has an ¢ssential requirement for both a2 monovalent
and divalent cation. Either Mn'® or Mg++ could function as the
divalent cation but the propcrties were quite different depending on
which cation was used. ‘Then Mn** was the divalent cation the enzyme
was no longer obligatarily dependent on FDP for activity, although FDP
still functioned as an activator. The affinity for PEP was higher with
Mn++, compared to Mg++. The S. lactis pyruvate kinase activity, like
LDH, was also affected by choice of the buffer components. In addition,
its activity was affected by a number of anions and cations that are often
present in laboratory reagents. The multitude of factors that affect
the pyruvate kinase activity in vitro makes the extrapolation to the in
vivo situation difficult.

The kinetic properties of the two enzymes, LDH and pyruvate kinase,
have been related to the appropriate in vivo metabolite concentrations

determined in exponentially growing cells of S. lactis C The main

finding from the present investigation was that the in zigg FDP concen-
tration is at a sufficiently high level to fully activete both pyruvate
kinase and LDH when considered in relation to the characteristics of FDP
dependence determined in vitro under a number of differcnt assay conditions.
However for pyruvate kinase, the presence of relatively low intracellular
phosphate levels (1 to 10 mM) may be sufficient to increase the FDP
requirement, such that the in vivo level of FDP could be bclow the limit
required for activity. Since the concentration of phosphate required to
inhibit FDP activation of the LDH is much higher than that for pyruvate
kinase it is unlikely that the phosphate inhibition of LDH is of physio-
logical significance. An in vivo phosphate level that would sufficiently
affect LDH would completely inhibit pyruvate kinase. It would clearly be
useful to determine the in vivo inorganic phosphate concentration.

Other metabolites, apart from FDP (and possibly phosphate), may
be playing a role in the in vivo control of the two enzymes. ATP has
been shown to inhibit both LDH and pyruvate kinase in vitro and the

respective KI and ATP values for both enzymes are less than the

apparent in vivo ATP cggiintration during exponential growth. This
indicates that it would be profitable to investigate in more detail the
interaction of ATP and FDP in the regulation of the two enzymes in vitro.
Measurement of the NAD+/NADH ratio would also shed light on the extent

to which the LDH was fully activated in vivo.
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By studying carbohydrate control by these two complementary
methods (in vivo metabolite measurements and in vitro kinetic studies)
a good understanding of the regulation of carbohydrate metabolism in
S. lactis could be developed. Possible in vitro artifacts such as the
buffer effect will be more easily recognised when related to in vivo
conditions.

In the present study measurements of metabolite concentrations
has been from samples taken from batch cultures in which there is a
progressively changing medium, even in the exponential phas¢ of growth.
The use of continuous cultures would provide a steady-state culture of
exponentially-growing cells and permit the growth ratc to be regulated
and the effect of nutritional conditions, such as carbohydrate concen-
tration, to be determined. The in vivo metabolite levels under limiting
carbohydrate concentration would be of particular interest in relation
to the physiological significance of the control mechanisms investigated
in this study. Such a study could indicate the factors which regulate
in vivo FDP concentration and the limits between which the concentration
of this metabolite varies.

The work described in this thesis has concentrated very largely
on the two terminal reactions in the glycolytic pathway. Other aspects

of carbohydrate metabolism of S. lactis that need tc be investigated are:

1. ZEarlier reactions in the EMP pathway; particularly phospho-
fructokinase and also possibly FDP-aldolase and glyceraldehyde-
3-phosphate dehydrogenase.

2. The relative importance of the tagatose and Leloir pathways
of lactose and galactose metabolism and the regulation of

enzymes of the tagatose pathway.

3. The existence, properties and regulation of other enzymes

which may be involved in pyruvate metabolism.
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APPENDIX: ABBREVIATIONS

ADP adenosine 51—diphosphate
AMP adenosine 51—monophosphate
ATP adenosine 51—triphosphate
bis N,N1—methylenebisacrylamide
CDP  cytidine 5 -diphosphate

CM carboxymethyl

CoA coenzyme A

CTP cytidine 51-triphosphate

DEAE diethylaminoethyl
EDTA ethylenediamine-tetra-acetate

EMP Embden-Meyerhof -Parnas

FDP fructose-1,6-diphosphate

GDP guanosine 51-diphosphate

G-6-P  glucose-6-phosphate

GTP guanosine 51—triphosphate

HMP hexose monophosphate

ITP inosine 51—triphosphate

KI inhibitor constant

KM Michaelis-Menten constant

LDH lactate dehydrogenase

M 0.5V concentration of niodifier giving half maximum velocity
2-ME 2-mercaptoethanol

NAD* nicotinamide adenine dinucleotide

NADH reduced nicotinamide adenine dinucleotide

NADP*  nicotinamide adenine dinucleotide phosphate

NADPH reduced nicotinamide adenine dinucleotide phosphate
Ny Hill interaction coefficient

OAA oxaloacetic acid

ONPG-6-P ortho-nitrophenyl-#-D-galactopyranoside-6-phosphate
Pi inorganic phosphate

PCMP para-chloromercuricbenzoate

PEP phosphoenolpyruvate

6-PGDH 6-phosphogluconate dehydrogenase

-SH- sulphydryl group

TEMED N,N,N,'N'-tetramethylenediamine

tris tris (hydroxymethyl) aminomethane

UDP  uridine 5'-diphosphate
UTP uridine 51-triphosphate
v velocity

\' maximum velocity.

max
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Appendix 3.4  Pyruvate Kinase

A number of other observations were made on the properties of

the S. lactis pyruvate kinase. In view of the complexity of the data
already presented on this enzyme, these observations have been omitted
from the main text of the pyruvate kinase section of the thesis.
However, since they may be of practical value to other workers studying
the enzyme, the observations have been briefly summarised in the form

of two appendices.

Appendix 3.4.1 The effect of two different FDP salts on pyruvate

kinase activity.

In the standard assay system, 1 mM (tetrasodium) FDP was present.
If 10 oM FDP (tetrasodium) instead of 1 mM FDP was added to the standard
assay system, then thc activity dropped by 20%. As the tetrasodium
salt of FDP was used in the assays it was possible that at 10 mM FDP, the
LO mM sodium ions introduced with the FDP could have produced the
inhibition. Therefore the use of the tetracyclohexylammonium salt of
FDP was investigated.

Figures A.3.4.12 and b show the effect of the two different salts
of FDP (tetrasodium and tetracyclohexylammonium salt) both at concen-
trations of 1 and 10 m FDP, on the PEP saturation curve. The standard
metal ion concentrations of 13%.3 mM KC1/3.3 oM MgCl2 were present in the
assays of Figure A.3.4.1a and the higher metal ion concentrations of
80 mM KC1/8 mM MgCl2 were present in the assays of Figure A.3.4.1b.

The data obtained were also plotted as double reciprocal and Hill plots
but these are not shown.

Figure A.3.4.1a, where low metal ion concentrations are present,
shows that the PEP saturation curve, at all PEP concentrations, is
higher with 1 .0 mM tetrasodium FDP than with 10 mM tetrasodium FDP and
the respective PEP 0.5V values are O.14 mM (nH =1.3) and 0.2 mM
(nH =1.1). The tetracyclohexylammonium FDP, at the two concentrations
of 1 and 10 mM gives PEP saturation curves showing lower recaction
velocities for all PEP concentrations than the same concentrations of
tetrasodium FDP. The affinity for PEP is also less when the tetra-
0.5V values at 1 mM FDP is O.45 mM
(nH =1.1) and at 10 mM FDP is 0.46 mM (nH = 1.1)). However, activity
with the tetracyclohexylammonium FDP is slightly higher at 10 mM than
1 mM FDP,

cyclohexylammonium FDP is used (PEP
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THE EFFECT OF TWO DIFFERENT FDP SALTS ON PYRUVATE KINASE
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The relationship between the pyruvate kinase activity (v) (units/cm3) of S. lactis C10 and
PEP concentration is shown in Figures a and b, using two FDP salts each at two different
concentrations. The tetrasodium FDP salt was present at: (m), 10 mM; (@), 1 mM. The
tetracyclohexylammonium FDP salt was present at: (O), 10 mM; (g), 1 mM. The re-
action mixture contained (in a total volume of 3 cm3): 80 mM triethanolamine/HCI
buffer pH 7.5; 3.3 mM ADP: 0.1 cm3 of diluted enzyme and the PEP concentration
varied as shown in the Figures, in the presence of 13.3 mM KCI/3.3 mM MgCl2 (Figure
a) and in the presence of 80 mM KCI/8 mM MgCl2 (Figure b).
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When high concentrations of KCl and Mg012 are present in the
assay system, as shown in Figure A.3.4.1b, for the two tetrasodium
concentrations the PEP saturating curves are similar, presumably indicat-
ing that the high K" hes overcome the possible inhibition by Na*.
(This has been further dealt with in a previous section, Section 3.4.8,
on the effect of monovalent cations). The high metal ion concentrations
have also changed the form of PEP saturation curves at the two tetra-
cyclohexylammonium FDP concentrations, as activity at 10 mM FDP is
significantly greater than ‘1 mM FDP. At 10 mM tetracyclohexylammonium
FDP, the activity at comparable PEP concentrations is only slightly 1less
(15%) than at 1 and 10 mM tetrasodium FDP, whereas at the lower metal
ion concentrations, activity, at a given PEP concentration of 10 mM
tetracyclohexylammonium FDP, is significantly less (greater than 50%)
than with 1 and 10 mM tetrasodium FDP. At the high metal ion concen-
trations, with tetrasodium FDP, the PEP 0.5V values are 0.14 mM (at
1 mM FDP) and 0.13 mM (at 10 mM FDP). With tetracyclohexylemmonium FDP
their respective PEF values are 0.45 mM (1 mM FDP) and .21 mM

(10 mM FDP).

The findings indicate that at high tetrasodium FDP concentrations

0.5V

and at low metal ion concentrations, the sodium ion concentration inhibits
activity. Possibly more significant, is the finding that the cyclohexyl-
ammonium jion appears to inhibit the pyruvate kinase activity. High metal
ion and FDP concentrations appear to eliminate this inhibition to a sig-
nificant extent. Therc arc no reports in the literature of the cyclo-
hexylammonium ion inhibiting any other pyruvate kinasc.

The tetrasodium salt of FDP was therefore used in routine and
kinetic assays. At concentrations of up to 2 mM FDP, the amount of
Na* present, in addition to that from ADP and PEP salts, was shown not
to affect activity to any appreciable extent. In the standard assay
system, only at Na* concentrations of 20 mM above the basal Na*
concentration (introduced by the Na* selts of PEP, ADP and FDP) did
inhibition of pyruvate kinase occur (see Section 5.4.8).

A point of interest to note in relation to use of the tetra-
cyclohexylammonium salt, is the result obtained from the study of
activation of the L-type rabbit liver pyruvate kinase by the tetracyclo-
hexylammonium salt of FDP (Irving and Williams, 1973). These workers
showed that inhibition of the stimulated reaction occurred with FDP
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concentrations in excess of 0.5 mM. This inhibition effect was not
investigated by Irving end Williams, but from the evidence obtained in
the present study a possible reason for inhibition could be that the

cyclohexylammonium ion is inhibiting the activity of the enzyme.

Appendix 3.4.2 The sulphate effect on the kinetic parameters of

the S. lactis pyruvate kinase.

As reported in earlier sections, if MgCl2 is replaced by MgSO4
in the assay system, thc inhibition of the enzyme by high concentrations
of Mg++ and ADP appeared to be enhanced. The sulphate effect on the
kinetic parameters of pyruvate kinase from S. lactis was further

investigated using MgSO, as the divalent salt and varying the FDP, PEP

and ADP concentrations tn different combinations. The results of the
kinetic studies, are similar to those results where MgCl2 is the divalent
cation salt, and so are summarised in table form to indicate the main
differences in the kinetic properties between the chloride and sulphate

salts of magnesium.

A. The effect of PEP and ADP on FDP activation.

TablesA.3.4.2a and b summarise the eff'ect of PEP and ADP concen-
tration on FDP activation of the enzyme in the presence of MgSOA. The
values obtained in the presence of MgC12 (see Section 3.4.4) are included
in brackets. The main differences between the two magnesium salts are
that the homotropic interaction of FDP with the enzyme is higher with the
sulphate salt (nH = 3.3, compared to n, = 1.9 to 2.5 for MgClZ) and the
I'DP 0.5V values at the rcspective PEP and ADP concentrations are higher
with the sulphate salt. The high homotropic interaction of FDP with
the enzyme when the sulphate salt is present, showed a n value of 3.3

for the three weeks that the studies using MgSO, were carried out.

L
B. The effect of FDP and ADP on PEP activation

Tables A.3.4e2c and d summarise the effect of FDP and ADP on PEP
activation in the presence of MgSOA. The values obtained in the
presence of Mg012 (sec Section 3.4.5) are included in brackets. In
the standard assays; thc ADP and FDP concentrations were not the same
for the two salts (6.67 mM ADP/3.33 mM ADP and 2 mM FDP/4 mM FDP for

sulphate/chloride). However, this should not affect the general trend



223,

of the differences. The main differences are that the homotropic
interaction of PEP with the enzyme is higher with the sulphate salt

and the PEP 0 values are also higher with the sulphate salt.

SV

C. The effect of FDP and PEP on ADP activation

Tables A.3.4.2e and f summarise the effect of FDP and PEP on
ADP activation in the prcsence of MgSOu. The values obtained in the
prescence of MgC12 (see Scction 3.4.6) are included in brackcts. In
the standard assays the FDP concentration was not the same for the two
salts (2 mM FDP/1 mM FDP for sulphate/chloride) but this should not
affect the gencral trend. The presence of the sulphate salt increases
the homotropic interaction of ADP with the enzyme in Table e at the low
FDP concentrations in comparison with use of the chloride salt of
magnesiun. The difference in the ADP 0.5V values betwecn use of sul-
phate and the chloride magnesium salts is more complex. In Teble e,
with sulphate present decreasing the FDP concentrations results in a
decrease in the ADP values, whereas with chloride present the

0.5V

ADP 0.5V values increase. The ADP 0.5V values in Table c¢ are higher in

the presence of the chloride salt rather than the sulphatc salt, unlike
the trend found for the PEP 0.5V and FDP 0.5V values. In Table f, the

4LDP 0.5V values are unaffected by the PEP concentrations in the presence

of the chloride salt in contrast to the ANP 0.5V values incrcasing as the
PEP concentration decreases in the presence of sulphate.

Sulphate, as studied by comparison of the kinetic data obtainecd
from use of Mg012 and MgSOa, has been shown to give greater potential
to the enzyme for co-operative interaction with ADP, FDP and PEP to occur.
The basic heterotropic relationships between ADP, PEP and FDP are not
altered in the presence of sulphate. For both magnesium salts, FDP
has the greatest potential to show co-operative kinctics, with PEP showing
co-operative binding to the enzyme only at lower I'DP concentrations. ADP
has the least potential to co-operatively bind to the enzyme. The sul-
phate anion increases thc PEP and FDP values and effects the

0.5V 0.5V

ADP 0.5V values in a more complex manner,
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Tables A.5.4.22 and b

The effect of PEP and ADP on FDP activation: Sulphate effect

Table a. The FDP concentration was varied at four different PEP con-
centrations at standard assay conditions: 80 mM triethanolamine/HC1

buffer pH 7.5; 13.33 mM KC1/3.33 mM MgSO, and 3.3 mM ADP.

Table b. The FDP concentration was also varied at five different
ADP concentrations at standard assay conditions: 80 mM triethanolamine/
HC1 buffer pH 7.5; 13.33 mM KC1/3.33 mM M,gSOZ+ and 1.0 mM PEP.

The two parameters, Hill coefficient (nH) and FDP , obtained

0.5V
from Hill plots of data are tabulated below. The two paramcters deter-—
mined with the chloride salt (see Section 3.4.4), under otherwise

similar assay conditions, are included in brackets.

Table a.

PEP (mM) I, FDP 5v (M)
1.0 3.3 (2.5) Ouiy  (0.16)
0.6 3. (2.6) 0.48 (0.18)
Ok 3.7 (2.6) 0.8 (0.21)
0.25 3.7 (2.6) 0.73 (0.29)

Table b.

ADP (mM) Ny FDP 5v (eM)
6.67 3.2 (1.90) 0.52 (0.3)
382 3.2 (1.95) 0.45 (0.16)
2.00 3.4 0.21
1.00 3.2 (1.90) 0.26 (0.08)

0.60 3.3 0.25
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Tables A.3.4.2c and d
The effect of FDP and ADP on PEP activation: Sulphate effect

Table c. The PEP concentration was varied at five different FDP con-
centrations at standard assay conditions: 80 mM triethanolamine/HC1

buffer pH 7.5; 13.33 mM KC1/3.33 mM MgSO)1L and 6.67 mM ADP.

Table d. The PEP concentration was varied at five different ADP con-
centrations at standard assay conditions: 80 mM triethanolamine/HC1

buffer pH 7.5; 13.33 mM KC1/3.33 mM MgSO, and 2 md FDP.

The two parameters, Hill coefficient (nH) and PEP 0.5V? obtained
from Hill plots of data are tabulated below. The two paramcters deter-
mined with the chloride salt (see Section 3.4.5) under otherwise similaer
assay conditions (except 3.33 mM ADP and 1 mM FDP present) arec included

in brackets.

Table c.
FDP (mM) Ny PEP 0.5V (mM)
10.0 1.4 0.2
4.0 2.8 (1.37) 0.5 (0.11)
0.6 3.2 (1.47) 0.8 (0.16)
0.4 3.2 (1.70) 1.3 (0.28)
0.25 3.4 (1.92) 2.3 (0.38)
Table d.

ADP (mM) Ny PEP 5y (mM)
6.67 1.8 (1.4) 0.30 (0.21)
3.33 1.8 (1.4) 0.17 (0.14)
1.33 (1.00) 1.9 (1.4) 014 (0.11)
0.60 1.6 0.20
0.30 1.7 (1.4) 0.24 (0.11)
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Table A.3.4.2e and f
The effect of IFDP and PEP on ADP activation: Sulphate effect

Table e. The ADP concentrution was varied at three different FDP con-
centrations at standard assay conditions: 80 mM triethanolamine/HC1

buffer pH 7.5; 13.33 mM KC1/3.33 oM MgSO, and 1 mM PEP.

Table.f. The ADP concentration was varied at four different PEP con-
centrations at standard assay conditions: 80 mM triethanolamine/HCl

buffer pH 7.5; 13.33 mM KC1/3.33 mM MgSOl+ and 2 mM FDP.

The two parameters, Hill coefficient (nH) and ADP , obtained

0.5V
from Hill plots of data are tabulated below. The two parameters deter-
mined with the chloride salt (see Section 3.4.6) under otherwise similar

assay conditions (except 1 mM FDP present) are included in brackets.

Table €.

FDP (mM) Dy ADP 0.5V (mM)
2.0 (1.0) 1.25 (1.0) 0.95 (1.3)
0.6 (0.25) 1.52 (1.0) 0.48 (2.0)
0.2 (0.1) 3.5 (1.5) 0.45 (241)

Lable f.

PEP (mM) Iy EDP ) 5y (mM)
1.0 1.25 (1.0) o @ .20
0.6 1.02 1.8
0.kt 1.07 (1.0) 2.4 (1.2)

0.25 1.05 (1.0) 3.0 (1.2)
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