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ABSTRACT 

Certain aspects of the control of carbohydrate metabolism have 
been studied primarily in�· la ctis  c10• The kinetic and regulatory 
propert ies of two enzyme s ,  lactate dehydrogenase and pyruvate kinase were 
inve stigated in some de tail whereas a third enzyme , 6-phosphogluconate 
dehydrogenase , was subjected to a pre liminary investigation only . A 
brief investigation was made of the in !i!£ concentrations of' some 
motabolitc s in exponentia lly growing cells in batch culturo.  

The S.  lactis lactatu uchydrogena se (LDH ) was purified about 1 00 
�old .  The mobility pattern of the purified enzyme on polyacrylamide 
disc gel electrophore sis wa s a complex function o� pH and ionic strength . 
From sodium dodecylsulphate-gol electrophoresis the LDH appeared to have 
a subunit molecular weight of 37, 000. A tentative model indicating a pH 
dependent a ssociation/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 

d imeric specie s  is favoured . The tetrameric protein is more stable to 
heat than the dimeric species . The purified LDH requires fructose-1 ,6-

d iphosphate ( FDP) for catalytic activity at  acid and neutral pHs . For 
pyruvate reduction, in the pre sence o� FDP the pH optimum wa s 6 .9 whereas 
in the absence of FDP only very low activity wa s found and the pH optimum 
was  8 •. 0 to 8 . 2 .  The pH optimum for lactate oxidation in t�e pre sence or 
absence of FDP was 8 .0 to 8.2 and the activation by FDP was very much les s  
than the FDP activation of pyruvate reduction . T he kinetics of lactate 
oxidation suggested that only the pyruvate reduction direction was 
significant 1£ !i!£· 

A s igni� icant � inding was the effect of di� ferent buffers on the 
FDP activation of LDH . The concentration of FDP required for 5o% maximal 
activity was 0 .002 rrM when d eterm ined in triethanolamine/HCl buffer ,  
0 . 2 m11 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 appeared 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 55°C,  the binding of 
NADH and pyruvate and the effect of the inhibitor,  oxamate . Stopped­
� low 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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suc h  lag per iod was demonstrated at pH 8 .2.  It is suggest8d that this 
lag period is due to a conformational change in the tetrameric spec ie s  
induced by FDP. The propertie s  o f  the �- lact is LDH , taking into account 
the buffer effect s ,  have been discussed in terms of the carbohydrate 
metabolism and related to other FDP-act ivated strept ococcal LDH' s .  A 
brief comparative study of the £· faecalis AT CC 8043 LDH was made. The 
two maj or findings were it s insensitivity to phosphat e inhibit ion and 
it s act ivat ion by mangane se ions . 

Pyruvat e kinase was purified to near homogeneity as  determined by 
polyacrylamide gel electrophore sis , with and without SDS . W ith  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 t herefore a t etrameric protein . The kinet ic 
properties of the pyruvate kina se were more complex than those of LDH, 
for a s  well as  requiring FDP as  an act ivator, the enzyme had 2n essent ial 
requirement for both a monovalent and divalent cat ion. FDP under most 
conditions bound to the enzyme  in a co-operative manner . Phosphoenol­
pyruvate (PEP) , and to a le sser extent , ADP, showed co-operative binding 
t o  the enzyme only at unsaturat ing FDP conc entrat ions. Both the monova-
lent and divalent cat ions showed  co-operative binding to the enzyme in 
the presence of saturat ing FDP concentrat ions . The act ivat ion propertie s  
of the enzyme were considerably different when Mn++ was subst ituted for 
Mg ++ as the divalent cat ion . L ikCJ LDH,  the pyruvate kine. se wa s also 
affected by the nature of the buffer component s. Pyruvate kinase was 
inhibited by lower concentrat ions of phosphate than were required to 
inhibit LDH . In addition the pyruvate kinase act ivity was inhibited by 
high concentrat ions of Mg++ and ADP . The propert ies of th e S .  la ct is 
pyruvate kinase have been discussed in relation t o  other pyruvat e kinases 
and t o  carbohydrate metabolism in�· lact is .  

The 2· lact is 6-phosphogluc onate dehydrogenase ( 6-PGDH ) did not 
appear to be inhibited by FDP, nor did the enzyme from �·  faecalis ATCC 8043 . 

This is contrary to  published findings by other workers . Because of the 
preliminary nature of this investigat ion, further work is required on t he 
S .  lact is 6-PGDH t o  establish whether or not it s act ivity is regulated 
by FDP. 

The � !i!£ concentration of several metabolites were deturmined 
in exponent ially growing cells and related to the in � kinet ic 
properties  of the two enzyme s ,  LDH and pyruvate kina se .  The metabolit e s  
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studied were; FDP, PEP , triose phosphates , ADP , ATP, glucose-6-phosphate 
and pyruvate . The 1£ !i!£ FDP concentration wa s at a sufficiently high 
level (1 2 . 7  to 1 4 . 9  mM) to fully activate the two enzymes as  indicated 
by i£ � determinations under a number of different assay conditions. 
The iE vivo studies have suggested further � � kinetic studies which 
may be useful to  investigate to gain a fuller understanding of the 
regulation of carbohydrate metabolism inS . lactis. 
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SECTION 1 

GENERAL INTRODUCTION 
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1 . 1  General Characteristics of the Lactic Acid Bacteria . 

The lactic acid bacteria are biochemically characterized by their 

main fermentation end product , lactic acid. They can be classified into 

two broad groups, i . e . either homofermentative or heterofermentative . 

The homofermentative or homolactic group is characterized by the forma­

t ion 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 Peptostreptoco� and some members of the genus 

Lactobacillus. For reviews see Wood ( 1 961 ) and Doelle (1969 ) . 

It is within the genus Streptococcus, that the important cheese 
starter organisms are found. This group , the lactic streptococci ,  

c onsists of  Streptococcus lact�, Streptococcus cremoris and variants . 
The biochemical property that makes the lRnt.i� strepto�oc�i 
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 Path��££�r2o�yd£ate Catabolism in Lactic Acid Bacteria 

a )  Homofermentative o��n�� 

The homofermentative organisms use the well known Embden-Meyerhof­

Rarnas (EMP) pathway to convert glucose into two molecules of pyruvate . 
The pyruvate is subsequently reduced by the enzyme lactate dehydrogenase 

(LDH) to form lactic a c id .  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, 1 961 ) . 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 �al . (1 950) confirmed that Lactobacillus casei, a homo­

fermentative bacterium , fermented glucose to lactic acid by the �� 
glycolytic pathway.  These workers used isotopic studies with 

specifically labelled gluc0se-1 4c .  The fermentation of glucose -1 -1 4c,  

under both anaerobic and aerobic conditions by 1· casei lead to  the 

label appearing a�ost exclusively in the methyl carbon of lactate . 

There was a 5q% dilution of the specific activity in the methyl carbon 
1 4  compared with that of glucose-carbon 1 .  Vhen glucose -3 ,4- C was 

ferment ed, carboxyl-labelled lactate was formed without dilution of the 

specific act ivity . The distribution of the label in the final product 

is thus consistent with the functioning of the EMP glycolytic pathway . 

b )  Heterofermentative ��ganisms. 

De Moss � �· ( 1 951 ) found that the heterofermentative bacterium , 

Leuconostoc mesenteroides produced C02 , ethanol and h�ctic acid in a 

constant ratio of 1 :1 :1 and that the EMP enzymes , aldolase and triose phos­

phate isomerase were absent . These findings are not consistent with the 

operation of the glycolytic pathway. Gunsalus and Gibbs (1 952 ) showed 

Lhat Leuconostoc mesenteroides gave product labelling that was also not 

consistent with the operation of the EMP glycolytic pathway . The 

fermentation of glucose-1 -1 4c by 1· nesenteroides resulted in all of the 

isotope being found in co2 whereas in the homofermentative organism , 

Lactobacillus 4 , about 97.% of the isotope appeared in the methyl 

carbon of lactate . With glucose-3 ,4-1 4c ,  L .  mesenteroides also gave a 

different pattern from that in �· plantarum , as the isotope wns contained 

in carbon 2 of the ethanol and the carboxyl carbon of the lactate . 

Since in t he heterofermentative bacteria , the carbon 1 of glucose 

yields C02 , the hexose monophosphate (HMP) pathway was implicated . 

However a thiamine pyrophosphate-dependent enzyme has been purified from 

extracts of Lactobacillus plantarum (when growing on pentose - this species 

is homofermentative on glucose ) which catalyzes the phosphorolytic 

cleavage of D-xylulose-5-phosphate to form acetyl phosphate and triose 

phosphate . The enzyme , called phosphoketolase (E . C .4.1 . 29 ) is spe cific 

for D-xylulose-5-phosphate ( Heath��. ,  1 958 ) . 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 



Hurwitz (1 958 ) . 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 a cid o r  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 theoretically ,  

heterofermentative bacteria convert one molecule of glucose into one 

molecule each of co2 , lactic acid and ethanol or acet ic acid (KD.ndler ,  

1 961 ) • For reviews see Wood ( 1 961 ) , Marth ( 1 962 ), Re iter and Moller­

Madsen (1 963 ) and Doelle (1 969 ) . 

c )  Other possible pathways . 

The Entner-Doudoroff pathway (for reviews see Wood, 1 961 and 

Doelle , 1 969 ) has been well documented in pseudomonads. The two dis­

tinctive enzyoes are phosphoGlucoTh�te dehydratase (E.C.4 . 2 .1 .1 2) and 

2-phospho-2-keto-3 deoxygluconate aldolase . These two enzyn1cs are not 

found in the HMP, EMP or the phosphoketolase pathways . In S .  f'aecalis 

(Sok:atch and Gunsalus , 1957) gluconate can serve as an energy source . 

From both the fonnentation bc.lo.nce and the trac er experiments it was 

sug�csted by Sokatch and Gunsalus that the complete conversion of gluconate 

to C02 and lactate occurred by o. combination of the HMP, EMP and 

Entner-Doudoroff pathwuys . However, .§.• faecalis , a honofementative 

bacteriur.1 , when grown on glucose , forms lactate more or less exclusively 

from the EMP pathway and LDH ( Platt and Foster, 1 958 ) .  Therefore the 

carbon source can alter tho fermentation pathways . Re iter and Moller­

Madsen ( 1 963 ) ,  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 �· lactis and the Embden-Meyerhof 

glycolytic pathway is undoubtedly the quantitativGly significant 

pathway in S. lactis and other lactic streptococci .  

As a result of the enzymat ic studiesaf a large number o f  lactic 

acid bacteria , Buyze � �· (1 957) have classified the lactic and 

bacteria into three fermentative types: 



a) Obligate homofermenters, possessing fructose diphosphate 
aldolase but lacking glucose-6-phosphate dehydrogenase and 
6-phosphogluconate dehydrogenase. 

b) Obligate heterofermentcrs, possessing both the dehydrogennses 
mentioned in a) but lacking fructose diphosphate aldolase. 

c) Facultative horc.ofurmenters, 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 (1 969), 
organisms that generally grow on complex media (meat and yeast extract) 
use the EMP pathway for ATP generation. The ill�P pathway does not however 
provide pentose sugars which are essential for nucleotide and nucleic acid 
biosynthesis. Pentose sugars arise from the HMP pathway of carbohydrate 
metabolism. The complete sequence of the flliW pathway enzymes and function-
ing of the HMP pathway does not appear from the literature to hc!.Ve been 
demonstrated in S. lactis . However, glucose-6-phosphatc and 
6-phosphogluconate dehydrogenases are present in �· lactis, so this 
species appears to have the potential to use the oxi&�tive portion of 
the HMP pathway . The use of the incomplete HMP pathway by !2_. lactis 
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 Lactate by Streptococ�. 

As previously mentioned, the genus Streptococcus is cl�ssified as 
belonging to the homofementative group, where lactic g,cid is the main 
product of glucose fermentation. Experimental evidence from a nwnber 
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�· lactis the yield of lactic 
acid was 89,%; low amounts of ethanol, acetate and formic acid, plus 
undetercined non-volatile acids were detected . InS . liquefaciens 
strain 815, a homofermentative organism, more than 9q% of the glucose 



fermented was converted to lactate (Gunsalus and Niven, 1 942). 

However at pH 6 . 5  or higher, the combined yields of fo�ic �nd acetic 

acid and ethanol r:1ay account for 25 to 4ofo of the sugar fermented. 

Platt and Foster ( 1 958 ) nude a quantitative study of the products by 

seven homofermentative lactic streptococci in their anaerobic 

fermentation of glucose . Lactate was the major product of glucose 

metabolism in fermentation with and without pH control. The by-products 

included ethanol, acetic acid, glycerol, diacetyl, acetoin, 
2,3-butanediol and C02• In�· lactis, acetic acid, co2 ethanol and 

acetoin were detected, but no forraic acid as in other reports. '.L'he 

S. lactis and S. cremoris strains were different from the five other 
- � -

species in that smaller amounts of by-products were formed at pH 7 . 0  

than in ferrnentations allowed to become acid. Platt and Foster (1 958 ) 

concluded from oxidation-reduction indices and carbon recoveries that 

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

lactate, were formed from glucose . With c1 4o2, Plntt and Foster showed 

that three species (includes 2· lactis and 2· cremoris) can fix co2• 

White and Sherman ( 1 943 ) examined the effect of aeration on glucose 

fermentation by a range of streptococci. While little difference was 

observed between al'1:'.1.erobic ::tnd normal aerobic conditions, vigorous 

aeration markedly inhibited growth and resulted in an associated decrease 

in lactic acid production. 

The presence of other ninor fermentation products, by streptococci, 

indicates that the potential is present for feroentation of pyruvate by 

enzyme mechanisms other than lactate dehydrogenase; e. g. py�vate­

formate lyase, Lindmark � £1• ( 1 969 ) . 

�4 Oxi&�tive Phosphorxlation in Lactic Acid Bacteria. 

Lactic acid bacteria �orr:1ally lack haematin enzymes in their 

electron transport system (Dolin, 1 953 ). However evidence has 

accumulated 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, 1 945 and Dolin, 1 955 ) .  Gallin 

and Van Demark ( 1 964)  produced evidence for oxidative phosphorylation 

in Streptococcus faecalis and postulated that phosphorylation may be 

coupled to electron flow through an NADH/flavin system or during the 

oxidation of naphthoquinone. Later Smalley � £1• (1 968 ) used molar 

grov�h yields as evidence for oxidative phosphorylation with the same 



6.  

organism, and calculated a P:O ratio approximating to 0 . 6. �bittenbury 
(1 964) observed that many types of lactic acid bacteria synthesize 
catalase when provided with hae:o.atin and that a few strains c.lso formed 
cytochromes of the a and b· types. Whittenbury :mised thu possibility 
that some lactic acid bacteria might form a functional oxi�ative 
phosphorylation syste:o.. 1:-...ter Brynn-Jones anJ Whittenbury (1 969) 
presented evidence for the presence of a cytochrome electron trans-
port system in hae:Glatin-grown _!2. faecalis which results in oxidative 
phosphorylation coupled to the oxidation of reduced pyridine nucleotide. 
The oxidative phosphorylcd;ion system w::..s found in the :G.1embro.ne fnwtion, 
which contained o. b2 type cytochrome. However as mentioned by Bryan­
Jones and v1hittenbury (1 969), though the presence of haematin stinulates 
.§.. faecalis to behave like an aerobe, 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 (1 974) showed that functional cytochromes were found in the 
membrane fraction of Strop�occus faecalis vo.r. zymogenos if grown 
aerobically with hae:o.atin. Inhibitors and uncouplers of oxidative 
phosphorylation verified the presence of cytochromes in the membrane 
fraction. Molar growth yi8lds gave further evidence for oxidative 
phosphorylation. When the bacteria were grown without haomo.tin only a 

flavin system of electron transport was present without adclitional ATP 
generation. The prinnry procluct during aerobic growth, with haematin, 
was acetate (92%) with small a:o.ounts of lactate, acetylmethylcarbinol 
and ethanol. This contrasts to anaerobic growth whore 89{o lactate was 
present with only small amounts of acetate, ethanol, acetyL�ett�lcarbinol 
or 2,3-butanediol . 

Sijpesteijn (1 970) investigated the aerobic growth of �· lactis 
and Leuconostoc mesenteroide s in a medium containing haematin and 
showed that the spectra of the a and b types of cytochror.J.es was present. 
The S .  lactis cells when grown in a glucose-basal-medium showed 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 haemin (1 0 ppm ) the 02 uptake increased 
three f'old and more acetic acid, acetoin and C02 were formod with an 
associated drop in lactic acid production. Sijpesteijn suggested 
that the cytochrome system was mainly responsible for the oxidation 
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of NADH with the NADH oxida se ( s ) playing only a minor role. The 
growth of §_.  �t� is st imulat ed by incorporation of haemin which may 
indicate thut the cytochrome-me diate d  resp ira t ion gives rise to more ATP 
than the NADH-oxidase mediat e d  re sp irat ion . However unlike §.. .f.§!:.§._cali�, 
there is no dire ct evidence that cyt o chrome -mediated re sp iration in 

S. lactis is coupled to oxidat ivo phosphorylation. 
It i s  ev ident that under normal growth conditions S. lactis a nd 

other homofe rrnent at ive bactcrb. , use pyruvate as ·che terminel hydrogen 

acceptor via the act ion of LDH . Though NADH oxidase s are present, their 

funct i on is not known, but they probably do not contr ibut e to ATP product ion 

even under aerobic conditions . However if haemin is a dd e d  t o  t he growth 

medium , it is possible for at least s ome homofermentat ive bacteria, 
including §.. �' t o  develop o. functional cyto chrome sy stem which 
allows Niill+ regeneration by an oxicbtive pathway and possibly an 

a s s o c iat e d  production o f  ATP. However, as yet, no completely funct ional 

Kre b s  cycle has been demonstra ted under any circumstances for lactic acid 

bfl.. cteria . The refore it c an be concluded that the ma j or e nergy product ion 

from carbohydrat e  metab olism is at the substrate level o f  pho Bphorylati on 

of the Embden-Meyerhof--P�1.rnc� s pathway. 

1 · 5 Lact ose and Galo. cto s l; �.iot ab o lism . �'"'-=�-- - . �- � � -�-����-�-- -· 

McKay !l.1 E-.� . ( 1 969 ) studie d the involvement of PEP in lactose 
ut ilizat::.on by group N §_:'c_r_<;:J?.,.i:.2.?.9�; c i .  Two §_. J-asV� strains were stud.ied 
(Strains 7962 and c2F) ancl from the effect of sodium fluoride on tho 
metabolism of lactose and o-nitrophonyl- � -D-galactopyranoside it was 
suggested that diff erent noch.'Lnisms of lactose utilization exist in the 
two strains . The §_. -�a�J; i� c2F ,  which had no J3-galactosidase, was 
dependent on a FEP-depe ndent phosphotransferase system for lactose 
utilization, whereas in §..  lactis 7962 the .13 -galactosidnse was 
responsible for lactose utilization. McKay et al. (1 970) by enzymatic and 

genetic analysis showed that the _§.. lactis c2F hydrolysed o-nitrophenyl-
73-D-galactopyranoside-6-phosphate (ONPG-6-P) and transported lactose by 
a PEP-dependent system which is similar to that found in Staphylococc�s 
aureus (Simoni � �· , 1 968). 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 ( 1 974) • 
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Bissett and Anderson ( 1 973 ) showed that in Staphylo_c�9c� aury��' 
D-galactose-6-p:1osphate is r.:otabolised further through the tagatose 

po.thway: D-galo.ctoso - ·6-phcsphate r�) D-tago.tose-0-phosph':'"te � 
D-tagatose - t ,  5--diphospho.tc ·- · -'>  D-glyceraldGhyd.u-3· ·phosp.hEtte + 

dihydroxyacetonephosphate . 'L'his differs from the usual p8.thway in 
which lactose  is Botabolisod by :8--galactosidase , to forril D-glucose  
and D-galactose  followed by the conversion of D ··t:::J.J.nctose to  D-glucose-6-
phosphate via the well known Loloir pathway ( ' . :.x·;: . .  ,_]_ c.t al . , 1 962 ) :  

_. , ,.., , ,.,_ . 

D-galactose � D·-galacto so-1 -phosphate � UDP-gahctose � UDP-glucosc 
� D-glucose-1 -phosphate �- D-glucosc-6-phosphate . Since the group N 

streptococci possess oainly phospho-.? -galactosidase activity and little 
J3 -galactosidase activity (with only a few exceptions , see Vakil and 
Shahani , 1 969 and McKay �-t ��· , 1 970) a tagato se-6-phosphate pathway 
would be expected. Bissett and Anderson ( 1 974) showed that of the: four 
streptococci studied all possessed the enzyme s for both the tagatose 
and the Leloir pathway . Other bacteria such as  �·  £9li., �· ��re�� and 
Ae_,EQE_9.2� _£�0�!?-�S. posse s s  the enzyoes of only one p1lthw['..y . Hence 
streptococci  have the enzymatic potential to use both p['..thways . However 
the relative :..;articj_pation of the two pathways is not known . 
Preferential use of the tagatose pc.thway w0uld circumvent the opportun:'.t::,.­
for G-6-P to LJD.SS through at least the oxidativo proport ion of the HHP 
pathway. Also  tagatose-'! , 6-·diphosphate oo.y be  sufficiently different 
froo l''DP (an important control mc cabolitc in r.:tnny c-.�ganisBs ) in its 
o.llosteric control of e nzyJ.:.lG S to e::'fect a different cellulo.r meto.bolism . 

§_. ]2._cj;i� c1 0 cr.n grow on o. number of cn.:::� ,:�.�rdrate s ,  including 
glucose , galactose , lac·cosc , man:.1ose , salicin,  fruc cose , maltose and 
dextrin, but not on sucrose , mo.nnitol,  arabino se ,  raffinos e  o.nd sorbitol 
(Sandine et -�� . , 1 962 ) .  Apart fron co.rbohydrate ,  arginine is the 
only substro.te reported froB which S .  lactis can obtain energy ( Barker,  
1 961 ) • 

Certain species of enterococci in the genus §tr�oco�£� o.re 
able t o  metabolize pyruvate ,  citrate , malr.te , glycerol or gJ.uconate 
alone as sources  of energy for anaerobic growth ( review by Deibel , 
1 964) .  London et ��· ( 1 970, 1 971 ) showed tho.t an inducible malic 
enzyme ( decarboxylo.ting ) is present in strains of �· fo.ec�lis (o.nd 

1· 2asei) . The malic enzyme from both species was inhibited by the 
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glycolytic intermediates FDP and 3-phosphoglycerate . They report that 
other Lactobacillus and S.i_r-GJ?.tococcus species (including §_ . lactis) which 
are unable to grow on malat e, do not synthesize this inducible enzyme , 

Streptococcus �1£.s.ti� 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% (Harvoy and Collins , 1 963).  
Marth (1 962) suggests that fcroentation of  citrate results in  production 

f t . th t . lt 1 f " .� 1\T! ""'+ d h o pyruva e Wl _ ou a S liDU anoous supp y o reul-.veu. i 'l.n • ...; , an ence 
products other than lactic acid are formed . The manner by which 
� ·  diacetilactis produces acetoin from citrate has been studied by 
Sandine et �· (1 961 ) . A citritase enzyme converts citrate into 
acetate and oxaloacetate,  and an oxaloacetate decarboxylase catalyzes 
the production of pyruvate . 

and subsequently to acetoin. 
Pyruvate is then converted to acetolactate 

Certain strains of lactic streptococci can also produce volatile 
carbonyl compounds and fatty acids from s ome amino-acids, although 
usually only in trace amounts (iVhcLeod and Morgan, 1 958, Nakae and 
Elliott, 1 965a and b) . 

1 .7 Bccterial ��gu�o��phanisos : General CoLJDents . 
... - =- -�......,�� : . ._ ,  

"It is evident that in any highly complex metabolic systcra, cora­
posed of interlocking and overlapping biosyr1thetic and dcgradative path­
ways, the regulation of cE.rtain strategic enzyme ac i;ivities is more 
critical to the maintenance of fine balance between the various 
metabolic functions than is the regulation of others . " ,  (Stadtman, 1 966) o 

The control of the strategic enzyme activities can be achieved in many 
ways (for reviews, see Sanwal, 1 970;· , Stadtman ,  � %6;  Stadtman, 1 970 
and Atkinson, 1 970). The two basic controls are via regulation of enzyme 
activity and regulation of enzyme concentration. The regulation of 
enzyrae 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, 1 970) .  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, 1 968 and 1970) which 
may be of the allosteric type, c) Energy-dependent covalent modification 
of regulatory enzymes (� . coli - glutamine synthetase - Shapiro and 

Stadtman, 1 967). 
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The allosteric regulation of enzyme activity is the most inten­

sively studied area of regul�tion by control of enzyme activity . 

Allosteric enzymes show susceptibility to activation or inhibition by 

metabolites (modifiers or· effectors ) which may be  quite distinct froo 

the substrate or oay be one or othor of the substrate moleculos . The 

original use of the term "a1losteric" referred to situations in which 

the effector was structurally quite distinct from the substrata and 

bound a.t a distinct site (allosteric site ) . However, as  A tkinson 

( 1 9G6 )  point s out , " the word allosteric has since been employed in a 

variety of contexts ,  often with no vestige of the original definition 
in evidence" . 

Umbarger ( 1 956 ) noted for ] •  ££11 threonine deaminase , that the 

sub strate saturation function is sigmoidal rather than hyperbolic . 
Signoid 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 intero.ction is between mole cules of the sane sort 

(whether these be substrate or distinct effector molecules ) the inter-
action is termed homotropic . If the co-operative binding of a. molecule 

is affected by a structurally distinct L!olecule then the interaction is 
terraed heterotropia . The sigmoidal ( or co-operative ) velocity response 
is associated with most , but not all ,  allosteric enzymes (Stadtman, 1 970 ) .  

Hill ( 1 91 3 )  in studying the binding curve of oxygen to hemoglobin, 

developed a useful method of expressing the data , the Hill plot , which 
In ca ses where 

there is co-operative interaction between binding sites thl, relationship 

between reaction velocity <�nd effector concentration L!ay be represented 

by the equation : 

log v/V -v = � log M - log K. max 

where I1f = Hill interaction coefficient 
M = concentration of modifier (effector) 

V = reaction velocity 

V = maximum reaction velocity at optimum max 
concentration of modifier (effector ) 

K ::. a constant 

The Hill plot i s  a plot of  log v/V -v versus log M . The Hill max 
interaction coefficient (�1 )  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 coefficient (�) of greater than one 

indicates positive co-oper�tivity, less than one indicntes negative 

co-operativity and a � value equal to one indicates non-interacting 

sites ( i . e .  modifier binding shows hyperbolic kinetics ) .  ffi1en the 

modifier is an inhibito� the Hill interaction coefficient will be 

expressed as a negative slope ( i . e .  � = -numerical value ) .  The con­

centration of modifier gjving ru:�lf maximum velociLy_, determined where 

v/V -v = 1 or log v/V -v = 0 ,  will be referred to as M 
0 5V in the max mnx • 

present study except in c�ses ( such as pyruvate kinase ) where both 

substrate and effector show co-operativity . In these cases the 

particular substance will be specified,  e . g . PEP 0 •5V . 

1 . 8  Some Aspects of Regulation of Carbohydrate Metabolism iE 

Lactic Streptococci . 

The regulation of carbohydrate metabolism in �·  c� and related 

bacteria has been fairly thoroughly studied (Sanwal,  1970 and Kornberg , 
1970) . The carbohydrate and energy metabolism of hooofernentative 
lactic acid bacteria differs in many respects from that of the enteric 
bacteria as described in Sections 1 .1 to 1 . 6 (with special reference to 
_£ • • lactis ) :  

a )  The EMP pathway is probably the only quantitatively signifi �ant 

pa thw�y for forrna tion o f  pyruvs:te fron glucose . 

b )  Most of the pyruvate formed from glucose is converted to lactate . 

The potential exist s  for pyruvate  to be converted to other products ,  but 

this potential is rarely realised to any appreciable extent at least in 

the lactic streptococci . 

c )  At least the oxidative enzymes of the HMP are present in 
�· 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 b e  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 . 
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g ) Since no growth occurs on a casein hydrolysate-yeast extract 
medium without added carbohydrate ,  it would appear that gluconeogenesis 
cannot occur in these bnctoria . 

The above @etabolic features of the lactic streptococci would 
lllvolve distinctive regulatory feature s compared to other bacteria such 
as E .  coli . 

�·� -

Because of the mportanco of the E:MP patl:.way in these bacteria as  
the maj or energy production pathway by sub strate level phosphorylation, 
this pathway oust be controlled to meet the energetic and biosynthetic needs 
of the bacteria . Lactate dehydrogenase (LDH) in catalyzing the terminal 

..... step in glycolysis , fulfils the inportant function of NAD ' regeneration. 
If NAD+ regeneration is  not effective then glycolysis cannot proceed 

' 

beyond the formation of glyceraldehyde-3-phosphate and the nett result 
is no ATP production . Since the lactic streptococci noroally possess  
no cytochrome system, no transhydrogenase activity and very little NADH 
oxidase activity, the only NAD+ regeneration system is LE-I . Therefore 
the regulation of LDH has tho potential for controllinG the overall 
activity of the EMP pathway . 

Wolin (1 964) reported that the L (+ )-LDI1 ' s  from several spe cies of 
Streptococcus were specifically activated by FDP . Other glycolytic in-'� o::..�-­
modiates have no significant effect on activity . This act ivation appears 
to be present in only a few bactc:t'ial sp8c�_e s oJ,- '1er than streptococci . 
This FDP activation of LDII ' s is probably ono way of ensuring a sufficient 
intracellular concentration of r�D+ o The FDP-activated LDH ' s will be 
reviewed more intensively in Sect ion 2.1 . 

Another important aspect of the carbo�:· 1 r��0  metabolism of lactic 
streptococci is the role of phosphoenolpyruvate (pt;p) . PEP can be con­
verted to pyruvate by pyruvate kinase ,  one of  the two EMP pathway reactions 
involved in ATP generation . PEP is also required by the PEP-phosphatrans-
ferase system. Control of PEP metabolism is therefore of considerable 
importance in streptococcal carbohydrate metabolism . Collins and 
Thomas (1 974) 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 ( 1 970)  state s that : "One o f  the enigmatic probleos perhaps 
central to the understanding of carbohydrate metabolism is the nature of 
control system ( or systems ) which determines the d.istribution of gluco f'lo-6-
phosphate into the pentose phosphate pathway on tho one hand and the 
glycolytic pathway on the other" . Since at least the oxidative enzymes of 
the HMP pathway are present in mo ct streptococcal specie s ,  it is evident 
that some control must exist . Model and Rittenberg ( 1 967 ) sugge st for 
§_ • .9..9li that the oxidative pathw:1y is regulated 1:>�- t l:!o availability of 

N.l\.DP+ . In §_. fo.ecalis Brown and Wi ttenberger ( 1 971 a )  have shown that 
6-phosphoglyconate dehydrogenase (6-PGDH) is specifically inhibited by 
FDP. 

This aspect of metabolism of streptococci will be reviewed more 
intensively in Section �.1 . 

In a number of §_. mutans strains , that lack the oxidative portion 
of tho HMP pathway and transhydrogenase activity, Brown and Wittenberger 
(1 971 b ) showed that the enzyoe , glyceraldehyde-3-phosphate exists as two 
separable isoenzyme s .  One of the enzymes is NAD+-linked and the other is 
a:· NADP+ -linked enzyme . Brown and Wi ttenberger suggested that a physio­
logical role for the NADP+-linked enzyme is as a metabolic alternative 
to the oxidative portion of tho H}W pathway in generation of NADPH . 

At least three streptococcal enzymes appear to be regulated by 
FDP (LDH, pyruvate kinase and 6-PGDH) . The en�yoes , FDP aldolase and 
phosphofructokinase involved in the formation and dogradation of FDP, r.nd 
the tagatose pathway enzyr.1os which bypasses FDP, all may play a role in 
control , by affecting the FDP level which in turn controls three important 
enzymes .  The enzyme phosphofructokinase from Lactobacillus casei and 
Lactobacillus plant� does  not exhibit the sigmoidal kinetico (Doelle , 
1 972 ) .  While ADP, AMP and cyclic AMP inhibit the �. plantnrum enzyme , 
the 1· casei is not affected by th0se three nucleotides .  Doelle concludes 
from the evidence that phosphofructokinase of' the se specj,es is not 
an allosteric prote in .  This is in contrast to the allo steric propertie s  

o f  the phosphofructokinase from many mammalian and bacterial sources .  
Phosphofructokina se of lactic streptococci does not appear to have been 

inve stigated, but i f  the findings of Doelle apply to the se organisms as 
well, then it is clear tlli�t the regulatory mechanisms in glycolysis 
are quite different from those operating in many other bacteria . 
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�. ' lactis c1 0 wa s selected for the present study be cause of its 

ir:lportance in t he New Zealand dairy industry as a cheese " starter" 

organisn.  While sone informat ion on regulat ory me chanisms has be en 

o btained for S .  faecalis and for sone cariogenic streptoco cci such as  

�·  mutans , lit tle information was available at tho outset of this study 

on the lactic strept o co cci . 

Three �- lactis c1 0 enzyne s were chosen for study .  They are 

lactate dehydrogena se , pyruvate kinase and 6-phosphogluconate de�drogena se . 

A common feature of these three enzyme s is the potential role of FDP in 

controlling their activit ie s and a s  previously mentioned in Section 1 . 8 , 
the s e  enzyme s �y play iQportant roles in the control of carbohydrate 

metabolism . T o  a scertain the possible role the se thre e  enzyme s play in 

c ontrol , a detailed kinetic study of the enzyme s was planned to investigate 

a large numb er of potential factors that may affect activity. To supple-

ment the kinetic studie s on the three enzymes an investigation of the 

� � levels of metab olite s that affe ct their activities was also 

undertaken. By inve stigat ion of the s e  three important enzyme s it wa s 

hoped to arrive at a better understanding of the ir role in control of 

�· lactis carbohydrate netabolism .  
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Lactate dehydrogenase (LDH) , ( lactate : NAD+ oxidoreductase)  is 
widely distributed among living organisms . The mo st thoroughly studied 
is the LDH from higher animal tissues , but LDH' s have also been studied 
in invertebrates , sorae plants , several fungi and many bacteria . The 
usual function is catalysis of tho terminal step in glycolysis which 
serves to reoxidize the reduceu Nll.D+ , generated in glycolysis under 
ano.erobic c onditions , or in those organisms lacking a mechanism for 
aerobic oxidation of NAD11 . Under appropriate conditions the enzyme 
may also catalyse lactate oxidation . 

2 . 1  . 1  Mammalian L(+)-lactate Deh1drog�� 

The L( +)-lactate dehydrogenase (1 (+)-lactate : NAD+ oxidoreductase , 
E . C .  1 .1 . 1  . 27) (1DH) from higher animal tissues has been extensively 
studied ( for comprehensive reviews see Schwert and Winer, 1 963 and 
Everse and Kaplan, 1 973 ) .  It is  not relevant to  the present stuqy 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 1(+)-isomer of lactate and only the LDH' s from certain invertebrates 
and some bacteria catalyzo 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 1 40,000 and consist of four subunits (the inver­
tebrate D ( -)-LDH' s ,  D ( -)-lactate : NAD+ oxidoreductase , E . C .  1 .1 .1 . 2'8 , 
are exceptions which are dimeric and have molecular weights of about 
70,000, e . g .  horseshoe crab (Long and Kaplan, 1 968) ) .  �ach of the four 
subunits of the 1( +)-LDH ' s has a molecular weight of approximately 35 ,000. 
In  tiammalian LDH' s there are two basic subunits ( designated H and M) 
which can combine to give five different tetrameric isoenzymes , H4, 
H3M ,  H2M2 , HM3 and M4 (Wilkinson, 1 969) .  The H4 form predominates 
in the heart tissue and the M4 in muscle and the s e  two forms of  LDH 
have been most extensively studied . Though structurally similar there 
are physiologically significant differences between the H4 and M4 iso­
enzymes (Wilkinson, 1 969 ) ,  the most notable difference being in the 
s ensitivity of the two forms to substrate inhibition ( see  next page) .  
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Lactate dehydrogenase is thought to have an ordered , c ompuls ory 

sequence of addition and release of substrates and product s .  Evidence 

for this comes from equilibrium isotope ex change experiment s '· 

(Silverstein and Boyer , 1 9G+) on bovine heart and rabbit muscle enzymes , 

from kinetic isotope effect s  for rabbit mus c le 1 ( + )-LDH (Thomson � �. , 
1 964 ) and from product inhibit ion studies (Zewe and Fromm , 1 962 ) .  
Fluorescence studie s by several workers (Winer et al . ,  1 957 and 

Fromm , 1 963 ) supported the proposed rea ction scheme for LDH and gave 

evidence for binary and ternary complexes .  All these lines of evidence 

indicate that the c oenzyme NAD+ ( or NADH ) must bind to the enzyme before 

binding of the substrata , lactate ( or pyruvate J . 

The mammalian L ( + )-LDH ' s are inhibited in the presence of high 

levels of sub strates ( Cahn � �. , 1 962 ) .  This inhibition is observed 

in e ither direction and with both types of enzyme s ,  although the 

inhibition is much more pronounced with the H-type LDH than with the 

M-type LDH .  

The existence of abort ive or dead-end ternary complexes (Arnold 

and Kaplan, 1 974) has been extensively stud ied and evidence ha s been 

obtained in a number of laboratories that the phenomenon of pyruvate 

�libition (Kaplan � al . ,  1 968 ) is related to the formation of such 

abortive ternary c omplexes . The metabolic c ontrol of H-type LDH by 

it s own substrata and coenzyme via abort ive t ernary complexes is 

phys iologically important as it r,: strict s pyruvate reduct ion while 

retaining the capacity for lactate ox idation in the heart . S ince the 

heart requires large amount s of ATP,  metabolic control of fl-LDH by 

pyruvate , ensures that pyruvate is metabolised by oxidation through the 

citric acid cycle with subsequent ATP product ion rather than being 

reduced to lactate.  The kinet ic properties of the H4-LDH and 1114-LDH 

are such that under in � condit ions , H4-LDH favours lactate oxidat ion 

and M4-LDH favour.a pyruvate reduction . 

2 .1 . 2  Bacterial Lactate Dehydrogenases 

In contrast to the knowledge of mammalian LDH very much less is 

known a bout LDH ' s in bacteria even though this enzyme is of widespread 

oc currence . The properties of LDH ' s of bacteria appear to be more 

diverse than tho se 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 
(K:<.back and Milner, 1 970 ) . Hov!Gver the general functional significance 
of the NAD-independent LDH' s in bacteria is still not clear (Stevenson 
and Holdsworth, 1 973 and Doelle , 1 971 c ) 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. 

Butyribacter.hm rettge£! D(-)-LDH Wittenberger and Haaf (1 966 ) 

Wittenberger and Fulco ( 1 967 )  

Wittenberger ( 1 968 )  

Escherichia coli 

Bacillus subtilis 

Lactobacillus specie s 

Streptococcus species 

D (- )-LDH 

L(+)-LDH 

both D(-)  

and L( + )-LDH 

L(+)­

(rarely D)  

Tarmy and Kaplan ( 1 968 a and 

Yoshida and Freese ( 1 965 )  

Yoshida ( 1 965 ) 

Snoswell ( 1 959)  

Snoswell ( 1 961 ) 

Snoswell ( 1 963 ) 

Dennis and Kaplan (1 960 ) 

Dennis �i al . ( 1 965 ) 

Gasser �t � ·  ( 1 970) 

see next section. 

Other le s s  extensive studies on bacterial LDH ' s include the LDH 

from Staphylococcus aureus ( Stockland and San �lemente , 1 969 ) ,  

Acholeplasma laidlawii (Neimark and Tung , 1 973) and Leuconostoc 

(Garvie , 1 969 , Garland, 1 973, and Doelle , 1 971 a ,  b ) .  A brief review 
of the properties of only the more fUlly studied bacterial LDH ' s will 
be given . 

b )  



1 8 . 

The D( - )-specific LDH from Butyribacteiiumrettgeri was studied 
by Wittenberger and Haaf (1 966 ) ,  Wittenberger and Fulco (1 967 )  and 
Wittenberger ( 1 968 ) .  The enzyme follows normal hyperbolic saturation 
kinetics  with respect to its coenzyme , NADH, but unlike mammalian 1 (+)­
LDH' s and many bacterial D ( - )  and 1 (+ ) -LDH' s it exhibits a sigmoidal 
kinetic response to increasli� concentrations of pyruvate . Reduction 
of NAD+ by lactate could not be demonstrated under a variety of 
conditions that favour lactate oxidation by mammalian 1 (+ )-LDH' s .  The 
]• rettgeri D ( -)-LDH is sensitive to inhibition by ATP, but unlike 
mammalian LDH' s (Geyer,  1 967 ) 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 � for NADH, the authors suggest that ATP 
probably interact s with the �· rettgeri enzyme at a site separate and 
distinct from the coenzyme binding site . 

Escherichia � B D (- )-LDH has been studied by Tarmy and Kaplan 
(1 968a and b ) . Like Butyribaoterium 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 (1 965 ) and Yoshida (1 965 )  purified and studied 
the 1(+ )-LDH from Bacillus �btilis . The enzyme had a molecular weight 
of 1 46 ,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 1 (+ )-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 � · £_ubtilis enzyme is different from the 
vertebrate LDH' s in respect to activity with different NAD+ analogues .  

In Lactobacillus species ,  both D(-)  and 1 ( + )-LDH' s occur . These 
enzymes have been purified from Lactobacillus �antarum and their kinetic 
properties studied and shovm to be distinctive . Dennis and Kaplan (1 960) 
separated and purified the D(-)  and 1(+ )-LDH ' s from �· �lantarum ATCC 

8041 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 analogue s • .  The pH optima for D( - ) -1DH and 1 ( + ) -LDH were 

respectively ,  8 .5 and 7 . 5 . The two enzymes also showed differences 

in heat stability, oxalate inhibition ,  immunological prope rtie s  and �.� 
values .  The authors sugge st that the two LDH ' s c�n couple together 

to form a reaction pathway for racemizatio!l of lactic acid. Mizushima 

ll 91 ·  ( 1 964) similarly separated and purified the :r; (-)- and 1(  + )-1DH' s 

from Lactobacillus _p__lantarum 1 � • The se enzyme s were distinguishable 

by the ir substrate spe cificity , heat stability a:c;l oxen:ate inhibition . 

The ATP was competit ive with re spe ct to NADH for both the D( - )- and L(  + ) -

1DH ' s .  ADP showed similar action and AMP showed no inhibitory effe ct 

at physiological concentrations . The above findings were confirmed in 
more detail by Snoswell ( 1 959 , 1 961 and 1 963 ) who showed that in 

addition to the distinctive D( - ) - and 1(+)-NAD dependent LDH' s there 

were also D ( - ) - and L ( + )-NAD-independent 1DH ' s in the same strain of 

1:. ·  arabinosus (� 1:.· plantarum ) . Ga sser �� �1· ( 1 970) purified and 

studied the properties of D(- )- and L ( + )-NAD-dependent LDH ' s of 

different spe cies of 1actobacil� but reported that ATP, ADP and AMP 

had no effect on the activity of D ( - )- and L ( + ) -LDH' s of most lacto­

ba cilli in contrast to the previous reports of inhibition by ATP and 

ADP on the D ( - )- and L( + ) -LDH' s from 1:.· ,Elallt§l:� ll (Mizushi.ma et �:1,;,· , 

1 964) . The only exceptions were the L ( + ) -LDH' s from two strains of 

1· acidophilus which did shovr some illi1ibition by ATP but this inhibition 

was regarded by the authors to be possibly due to fortuitous side 

effects ( Gasser et �!· , 1 970) .  
Another novel control of bacterial LDH' s is that found in 

Leuconostoc mesenteroides by Doelle ( 1 971 a and b ) .  Malic acid if added 

to culture medium increased lactic a cid producti0� �hreefold with a 

reduction of the rat:l_o of D (- )- to L ( + ) -lactic a:):':'. ., P. rt_dition of 

malic acid apparently increased the synthe sis of the two enzymes ,  but 

to different extent s ;  the spe cific 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 ( + ) -1DH and inhibited the D ( - )-LDH . 

The D(- )-LDH exhibited a different pattern of  electrophoretic mobility 

depending on whether �· me senteroide s was grown in the presence or 

absence of malic acid, but no comparable effect was found for the 

L( + ) -LDH . Garvie (1 969 ) made a comparative study of the lactate de­

hydrogenase s from strains of _!.eucono sto c . Of the 1 1  strains of genus 

Leuconostoc examined all had D ( - )-NAD-dependent LDH' s but no 1(+)-LDH 

activity could be detected.  
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The widely differing propert ie s  of bacterial LDH' s may well be 
related to the specific regulating me chanisms operat ing in each spe cies 
but in very few ca ses ha s this relat ionship been explained . For 
example , the _physiological significance of having both D ( - )  and 1 ( + )  
spe c ific NAD-dependent LDH' s in one organism i s  not o bvious , but the 
findings of Doelle on the differential regulation of the se two enzymea in 
Leuconostoc by malate indicates that they may have dist inct fUnctions . 

2 .1 .3 Fructo se-1 ,6-Diphosphate-Activate d  1(+)-Lactate 
Dehydrogena ses from Streptococ ci . 

Wolin (1 9�) was the first to rep�rt thg activat ion of strepto­

coccal lactate dehydrogenases (1( + )-lactate : NAD+ oxidoreductase , 
E . G .  1 .1 .1 . 27 )  (1( + )-LDH) by fructsse-1 , 6-diphosphate (FDP) . - He found 
that LDH activity in a Streptoco ccus_ bovis strain was very low when 
assayed by the �ual LDH assay procedure but a�tivity was substantially 
increased if FDP was added to the a ssay system . Inorganic phosphate , 
fructo se , fructo se-1 -phosphate ,  fructo se-6-phospha t� , glucose-6-phosphate , 

ribose-6-Fh""sphate , mannitol , .so rbitol ,  glyceraldehyde-3-phosphate , 
dehydr�yacetone-ph("'sphate , _glyceraldehyde , glycerol,  adeno sine tri-, 
di� , and .monophosphate did not sub stitute for FDP .  A s  well a s  activating 
the enzyme , FDP w"uld .also stabilise thg a cti vi ty. Wolin also abowed 
that a .in :atrains o f  other strept..coccal speaie..s , the LDH ' s had a similar 

· · · FDP requirement for a ctivity, (§.. fae calis , .2• the rmophilus . .and 
.§.• a_galactiae ) .  Another strain of .§.• bovis did not appear to require 
FDP for NADH oxidation and showed only · slight stimulati�n of act ivity 
when FDP was add�d. 

This requirement of LDH for FDP has subsequently been demonstrated 
for all other s trept"coccal LDH' s that have been investigated. Outside 
of the genus. Streptococcus this activa�irm of LDH by FDP has only bgen 
repo� to occur in Bifidobacterium bifidus ( de Vrie s  and --S.top:thal!ler.r-1- 968 ) ,  

Lactobacillus casei 13 ( de Vrie s 21 !1• 1 .1 970) and . reeently in. the· · 
mycopla sma Acholeplasma laidlawii type A ( Neimark and Tung, .1 973) and 
in twenty-one Staphylococcus strains · (Schleifei' and Kocur, 1 ·973 ) .  

The FDP activation appears to affect only the 1 ( + )-LDH*-il • .  , 

Streptococcus lactis strain 760 (Mou � �. ,  1 972 ) was the one excep­

tion in 32 strains of ·group ·N. streptoc_occi , selected for their ability 
to produce lactic acid rapidly in m:i1k oulture , that :possessed a 
D,.(-)  specific LDH as .. well _a.s . the usual, _ _ L( +) spe.cific LDH. .The tw:o 



enzymes were isolated and purified and were found to differ in pH 
optima , pH and heat stability and only the 1(+)-1DH was activated 
by FDP . A similar finding for f3treptococcus mutans strain PK-1 
was made by Yamada � al. ( 1 970 ) where FDP appears to have an effect 
on 1 (+)-LDH but not on D(-)-LDH. Streptococcal species (with the 
exception of the examples mentioned above) generally produce only 
1 (  +)-lactic acid (Wood , 1 961 )  and therefore they would M 
expected to possess only an LDH specific for the 1(+)-lactate . 
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Ander s � al . (1 970 )  surveyed the 1DH activitie s of a large number o f  
group N. s treptococci and showed that their 1DH ' s were specific for the 
1(+ )-isomer of lactate and were markedly activated by FDP. Most other 
workers, who have studied the FDP activated 1DH, have confirmed that 
reduction of the }�D+ was obtained with 1(+)-lactate but not with 
D ( -)-lactate. [In a subsequent section the stereospecificity of 
lactate oxidation for the LDH of the specific 2· lactis strain ( � 0) 

used in the present study is  examined ( 2 .4 . 6 ) .  The enzyme was shown 
to be an 1(+)-1DH. The S .  lactis C 0 enzyme will therefore be - 1 
referred to as  an 1(+)-1DH in subsequent pages] 

The streptococcal 1DH ' 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 (1 970 ) ,  V/ittenberger 

� �· ( 1 971 ) and Brown and Wittenberger ( 1 972 ) ,  and a group working 
in Melbourne, Australia, Andor.s � tl• ( 1 970 ) ,  Jago et .§1:· ( 1 97i ) , Dynon 
� �· (1 972 ) ,  Jonas .£! -� · (1 972 ) and Mou et al. (1 972 ) . Their find­
ings show that there are considerable differences between species in 
relation to the properties o f  the FDP activated 1DH 1 s .  

Wittenberger and Angelo ( -1  970 ) reported that the 1DH purified 
35-fold from �· faecalis required a FDP concentration of 0 .045 milii for 
5Q% 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 f or both pyruvate and reduced nicotinamide adenine dinucleotide 
(NADH) but did not alter the V 

• In this study of the S .  faecalis max 
LDH all the kinetic properties were determined in 1 00 mM phosphate 
buffer. The enzyme was rendered heat labile by the presence of FDP 
or by high concentrations of phosphate buffer. 

Jonas � �- (1 972 ) studied the factors affecting the activity 
of the LDH partially purified (1 0-fold) from �. cremoris US3 and found 



22 . 

contrasting propertie s 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 pre sent . Inorganic phosphate was reported by 

Anders � �· ( 1 970 ) to inhibit the activation of group !'T streo.to coc cal 

LDH ' s by FDP and this observat ion was extended by Jonas et £1 ·  (1 972 ) .  

An effect of inorganic phosphate on the LDH from S .  faecalis was not 

reported (Wittenberger and Angelo , 1 970 ) . Increasing the FDP con­

centration lowered the K11 for both pyruvate  and NADH for the S .  cremoris 

LDH , but in contrast to the findings for the �· fae calis enzyme , FDP 

also increased the V 
• max Another contrast with �· faecalis , was that 

FDP and inorganic phosphate gave protection against thermal 

inactivation of S .  cremor� LDH. The FDP requirement for 5o% maximum 

activity for �· cremoris LDH was approximately 0. 005 mM, and was hence 

ten t imes lower than that for the S .  faecalis LDH . All kinetic studies 

on the S .  cremoris LDH (Jona s  et �. , 1 972 ) were carried out in 
triethanolamine/Bel buffer , since it was shown that phosphate buffer 

increased the FDP requirement for maximal activity . 

Brown and Wittenberger (1 972 ) 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 (1 972 ) showed 

sigmoidal pyruvate saturat ion curve s which contrast s  to the hyperbolic 

pyruvate saturation curves for .§_. cremoris (Jonas .£! !!d· , ·1 972 ) and 

.§. •  fae calis (Wittenberger and Angelo , 1 970) LDH '  s .  The S .  mutans NCTC 
1 0449 LDH was studied in detail by Brown and Wittenberger (1 972 ) and 

the FDP concentration for 5a% maximum activity was 5 .0 mM which is very 

different FDP requirement for the LDH ' s from S .  faecalis and £• cremoris .  

Table 2 .1 . 3  summarize s  the major difference s between the 

streptococcal LDH ' s .  

A few bacteria other than streptococci have FDP-act ivated LDH' s 

and those which have been studied differ in a number of re spects from 

the streptococcal LDH ' s .  Acholepla sma laidlawii type A ( Neimark and 

Tung , 1 973) L(+ )-LDH ha s  a kinet ic 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 � and 

the _pyruvate saturation curve in the absence of FDP displayed sigmoid 



Table 2 .1 . 3  
Comparison of some_J?.�9�rties of different strept�occal�-LDH ' s  

Strain 

Reference 

M O.SV' mM FDP 

Response to L minus FDP 

heat treatment_[ plus FDP 

Fyruvate saturatio� 
Curve and � 

S O .SV or KM for pyruvate , 

mM pyruvate 

FDP affects -

� for pyruvate , 

� for NADH 

V max 
-- -- ------�---- - -----------

NCTC 1 0449 

1 , 2 

4. 6 to 5 . 8 

labile 

stable 

sigmoidal 

1 • 7 

5 . 2 

affected 

not affecte1 

affected 

N .D .  - Not determined 

StreEtococcus mutans S . lactis 

21 -typical FA-1 SL-1 JR8-SM 

1 , 2 1 , 2 1 , 2 1 

4 . 6  to 5 . 8 0 .05 mM 4 . 6 to 5 . 8 0 . 038 

la bile N . D .  labile stable 

stable N . D .  stable labile 

sigmoidal sigmoidal hyperbolic N .D . 

2 .1 to 2 . 8 2 · 1 to 2 . 8 1 .1 to 1 . 3  N.D . 

2 . 2 to 3 . 5 2 . 2 to 3 .5 0 .8 to 1 .4 N .D . 

N .D . N .D . N . D . N .D .  

----- I 

S . cremoris 

US.3 

3 

0.005 

labile 

stable 

hyperbolic 

N . D .  

1 . 2 

affected 

affected 

affected 

All kinetic data were determined in 1 00 mM phosphate buffer except the data for _£. cremoris which 
were determined in triethanolamine/HCl buffer.  
Reference : (Wittenberger � �· , 1 971 ) ; 

3 (Jonas � �. ,  1 972 ) ;  
2 ( Brown and Wittenberger, 1 972 ) ;  

4 (Wittenberger and Angelo , 1 970 ) .  

S . faecalis 

4 

0 ,045 
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kinetic behaviour . Inorganic phosphate was slightly inhibitory. 
Also not reported for any streptococcal 1DH1 s is the marked inhibition 
of the &· laidlawii 1DH activity by high concentrations of ��DH. The 
1 (+ )-1DH' s from Bifidobacterium bifidus (de Vries and Stouthamer ,  1 968 ) and 
Lactobacillus casei ( de Vries £1 a�. , 1 970) require Mn�+ in a ddition 
to FDP for activation and thus differ from both streptococcal and 
A .  laidlawii FDP-activated L(+ )-1DH ' s .  However this hh1++ requirement 
iG pH dependent , at least for }actobacillus casei,  as 1h++ is not 
required at pH 5 .5 but e ru1ance s  affinity for FDP at pH values above 
5 .8 (Holland and Pritchard , 1 975 ) .  

At the outset of the investigation on the S .  lactis C 0 1( + ) -1DH, - 1 
the only intensive studie s of st'reptococcal 1(+ )-1DH ' s were those of 
Wittenberger and Angelo (1 970)  on the kinetic propertie s  of �· faecalis 
1DH and by Jago � �· (1 971 ) on the physiochemical propert ie s  on the 
1DH of �· cremoris US3 . So initially the aim of the pre sent study was 
to make a detailed investigation of the kinetic properties of the 1DH 
from S .  lactis c1 0 •  However with the publication of other data 
(Jonas et � · , 1 972 ; Wi ttenberger � �· , 1 971 ; and Brown and 
Wittenberger ,  1 972 ) which revealed differences between the streptococcal 
1 (+ )-LDH' s ,  the investigation of the .§_. lactis c1 O LDH changed its 
emphasis . 

As the ultimate a im  of studying the in vitro kinetic properties 
of the S .  lactis 1DH was to relate the propertie s  to possible in �  
metabolic control , the cautionary note of Srere ( 1 967 ) is important . 
Srere pointed out the potential hazards of extrapolation from obser­
vations lE vitro on very dilute enzyme s to conditions � vivo . Tho 
differences reported for the in vitro kinetic propertie s  from strepto­
coccal 1DH ' s may be due t o  different � vitro assay procedures ,  but on 
the other hand the differences may be , in part , or entirely ,  a valid 
indication of the lE �  properties . If the latter is the case then 
it would appear that there are significant differences in the i£ !i!£  
metabolic control between different streptococcal specie s .  For example , 
the thousand-fold difference in the FDP concentration required to give 
half-maximum activity of LDH from different species ,  implies a very 
large difference in the �n yjlv£ FDP concentration. 

In view of the apparent differences in the .!!! vitro properties 
of the LDH ' s from different species of Streptococcus , an intensive 



study of the kinetic propertie s  of the LDH from S .  lactis C 0 was 
- � 1 

undertaken to help Understand the significance of these difference s 

and their relationship to metabolic control . One of the main lines 

of investigations was t o  study the effe ct of different a ssay conditions 

on the value s for the various kinetic parameters ( espe cially FDP) . 

The buffer type , e specially the effects of pho sphate buffer, was 

investigated in detail as Jonas � al . (1 972 ) showed that phosphate 

did effect the FDP activation of the S .  cremor:i.!'l lDH . The effect 

of phosphate was only inve stig�ted and reported by Jago et � · (1 971 ) , 

Jonas � tl· ( 1 972 ) and f:..nd6r s �t al . ( 1 970 ) t o  a limited extent . 



2 .  2 Materials and Methods 

�._2 .1 Organism 

26 . 

Streptococcus lactis. c1 0 W3.S obtained from the Dairy Research 

Institute , Palmerston North and wa s maintained at 0 to 4 °C on 1 .5% · agar 

slope s containing 30 g ;l'rypticase ( BBL ) and 1 g yeast extract per litre 

of distilled water ,  subcultll2·ing at intervals o� not more than one 

month . 

2 . 2 . 2 Reagents 

Substrate s ,  coenzymes ,  substrate analogues and fructose4 , 

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 cellulose base which enables a faster 

flow rate to be obtained .  

The reagents , 3 ,3
1 -diaminodipropylamine and 1 -cyclohexyl-3-

( 2-morpho-linoethyl)-carbodiirnid · metho-p-toluene rulphonate , used 

for preparing the oxamate  affinity chromatography resin were supplied 

by the Chemical Procurement Laboratories Inc . and the f,.ldrich Chemical 

Company Inc . , respectively.  Bio-Gel L.-1 5 m,  1 00-200 me sh , supplied 

by Bio-Rad Laboratories ,  California , U . S .A .  was used as  the agaro se 

support for affinity chromatography . 

The reagent s ,  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 di�c gelelectrophoresis were 

as follows : N,N,N1 N1 -tetramethylenediamine (Tffi{ED )  from Koch-Light 

Laboratories Ltd . ; Ammonium persulphate from B . D .H .  (Anala R) ; 

Acrylamide and N,N1 -methylenebisac�lamide both from Bio-Rad Laboratories 

(Electrophoresis grade ) .  



La ctate dehydrogena s e  activity wa s e st imated by mea suring the 
rate of NADH oxidation ut 340 n,t . The standard [. 3say mixture con-
tained in a total volume of 3 90 mM Tris/maleute/HCl buffer , 
pH 6 . 9 ;  0 .1 67 raM NADH; 1 0  ml11 sodium pyruvate ; 1 mlli f'ruct o se -1 , 
6-dipho sphate and 0 .1 cm3 of dilut e d  enzyme . The enzyme wa s 
diluted in cold 0 . 005 M p ota ssiwn cl�·_hydrogen p�1o s_phate/Na0H buffer 
( phosphate buffer) pH 7 . 0 .  Routine assays during enzyme purifica-
t ion were c arried out at room temperature using a Unicam SP800 
spectrophotometer . Kinetic studie s  were carried out at 25°C us ing 
a Be ckman ACTA-3 spe ctrophotometer . 
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An a b sorbance change of 1 . 0  unit per minut e is used throughout 
a s  the measure o f  enzyme ac-�ivity unle s s  otherwise state d .� Where 
c omparison o f  V wa s made in a related series of kine t ic studie s rnax 
t hen the t e rm ,  unit s/cm3 , refors t o  the a b s o�_>jance change p e r  minute 
per cm3 of t he st o ck purified LDH used in that s erie s of det erminat ions . 
Although seve ral different purified prepara� :: -.::�1."> were used in the 
c ourse o f  the work , the spe cific act ivit ie s  •� ere very s imilar . 

The tetrasodium salt of FDP was used in all the assay s  reported . 
However in one serie s of kinatic determinat ions the tetra cyclohexylammon� ·:m 
salt o f  FDP wa s used in the a s says . The re sr�.1.t s obtained, not reported,  
were the same a s  if the tetrasodiwr. salt of }'D:::' was use d .  

Prot e in concentrat ion \ Ja s  drJterrr.::i.n9 d by -'�ho method o f  Lowry !:l"t a � .  
( 1 951 ) using b ovine s e rum albwnin a s  the star.'lard protein . 

The method of e st imat ing prote in conce1/;ra�, :· "i1. oy ext inct ion at 
260 nm and 280 nrn according to the procedure given in Dawson � &1• (1 969 ) 
was used only for analysis o f  c olwnn fractions t o  obtain an approximate 
e stimate o f  spec ific activity . 

Biogel A-1 5 M was activated by treatment with cyanogen bromide 
( 250 mg/cm3 packed re s in )  and subsequently reacted with 3 , 31 -
diarninodipropylamine a c cording t o  the proced'J.re of Cuatre cas a s  ( 1 970 ) . 
Only 20 cm3 of packe d  agaro se re sin 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 . 

To  each 20 cm3 of packed resin, 1 4  cm3 of 0 . 74 M oxalic acid w�s 

added and the pH adjusted to l1_ . 7 .  Then 4 cm3 of a solution containing 

0 . 63 g of 1 -cyclohexyl-3 ( 2 -morpho-linoethyl ) carbodiimide metho-p­

toluene sulphonate was added d.ropwise over 5 minute s ,  stirring the 

mixture continuously while the pH was maintained at 4.7 .  The mixture 

wa s 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  Po1Jacrylamide Disc Gel Electrophoresis 

Polyacrylamide disc gels consist ing of 7.% acrylamide and 0.1 8,% 

N,N1
-methylene bisacrylamide (Bis ) pH 8 . 9  were used. The separating 

gel formulation of Gabriel (1 971 ) was used . The three 1 00 cm3 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 preparat ions and the gels were used within two days of 

preparation . 

The three stock s olutions are ( quantitie s  given are per 1 00 cm3 

of solution ) : 

Cl 48 cm3 

Tris 36 . 3 g 

TEMED 0 . 23 cm 3 resulting pH 8 . 9  

( b )  Acrylamide 28 g 
Bis · 0 . 735 g 

( c )  Ammonium persulphate 0 .1 4  g 

Working solutions of 1 part (a ) ,  1 part ( b )  and 2 parts ( c )  

were degassed separately in Thunberg tube s before mixing and adding 

mixture into clean glass  tubes (5  mm internal diameter and 75 mm in 

length) .  Deionised dist illed 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 s eparating gels were pre­

e le ctrophoresed in the appropriate buffer for 2 hours at 3 mA/gel 

before using the gels for prote in separation . The prote in was 

layered on to the top of the gel surface as a 1 c% sucrose solution 

and in a volume no greater than 50 � .  Protein separation was 



carried out at 2 mA per tube at room temperature until the bromo­

phenol blue marker band had migrated to the end of the gel . The 
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gels were removed from the glass tubes and the protein bands detected 

by staining the gels in 0 . 059� Amido black in 7% acetic acid for 1 hour 

and then destained overnight in 7% acetic ac id . 

2 .2 .7 Activity Staining of Gels for LDH Activi� 

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 0. 1 M  triethanol­

amine/HCl buffer pH 7 . 9  for 5 minutes before being immersed in the 

activity staining mixture and placed in the dark at room temperature . 

The activity staining mixture contained 20 mM NA.D+ ; 1 66 . 7 mM DL 

lactate; 2 .5 mM FDP; 2 .5 mg nitro-blue tetrazolium and 1 mg phenaz ine 

methosulpha te  in 1 2 cm3 of 1 00 mM triethanolamine/HCl buffer pH 7 .  9 .  
When sufficient staining had occurred,  the gels were removed and washed 

threo times in 7.% acetic acid before being stored in 7.% acet ic acid. 

The gels were also stained to detect pyruvate reduction in the 

f'ollowing way . The gels were removed and washed in 0 .1 M tris/maleate 

buffer pH 6 . 9 for 5 minutes before be ing immersed in the reactant 

mixture and placed in the dark at room temperature . The reactant 

mixture cont ained 2 . 5 mM NADH, 1 0 mM sodium pyruvate and 2 .5 mM FDP 

in 1 00 mM tris/malea te buffer pH 6 .  9 .  The gels were left in this 

mLxture for half an hour , before be ing removed and quickly washe d 

twice with distilled water . The washe d gels were then added to a 

staining mixture containing 5 mg nitro-blue tetraz olium and 2 mg 

phenazine methosulphate in 8 cm3 of 1 00 mM triethanolamine/Bel buffer 

pH 7 . 9 .  The stain was allowed t o  develop for 1 0 minutes in the dark 

before the gels were removed and washed three times in 7% acetic acid 

and then stored in 7% acetic acid solut ion 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 

act ivity c orresponded t o  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 . 2 . 8  Sodium Dodecyl Sulpha�e PolyacEYlamide Disc Gel Electrophoresis 

Sodium dodecyl sulpl�te (SDS ) polyacrylamide disc gel electro­

phoresis was carried out a csording to the general procedure of Weber 

and Os born ( 1 969 ) using 1 0'/v acrylarnide gels .  The modifications to 

the general procedure ar8 described in the following paragraph. 

The protein standards and the purified f .  J�ac�is � O 1 (+ )-LDH 

were treated in the following way. The prote in samples we!'e made up 
in 0 .01 M sodium phosphate 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 co oled and applied to the gel according 

to  the method of  Weber and Os born ( 1 969 ) .  The gels were 1 4  cm long 

and were contained in glass tubes 1 6  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 

(1 . 25 g Coomassie brilliant blue in 454 cm3 of 5Q% methanol and 46 cm3 

of glacial acetic acid) at 37°C for 1 2  hours . The gels were then 
placed in a destaining solution ( 75 cm3 acetic acid, 50 cm3 methanol 
and 875 cm3 distilled water) at 37°C on a shaker . At least 24 hours 
dest�ining was required before protein bands were clear enough to be 
measured .  

2 . 2 .9 Thermal Stability of J!actate Dehydrogenase 

A purified enzyme sample containing 2 . 5  mg prJtein/cnt v1as diluted 
1 /1 0 in the appropriate buffer which had been pro-incubated for 1 0 

minutes at 55·°C .  At appropriate time intervals 50 1-11 samples  were 

withdrawn and diluted with 200 !J.l 0 .02 M phosphate buffer pH 7 . 0  at 0°C .  

The diluted sample was assayed using the standard a ssay 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 corn-

p ounds carried over from the incubated enzyme samples into the subsequent 

a ssay 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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2 .3 Purificat ion of Lac�t�Dehydrogena se 

2 .3 .1  Growth and Harve st of _Sk_eptococcus �.lli C
� O 

Streptococcus lactis c1 0 we s groM1 at 30°C in a medium contain­

ing the following constituents per litre of distilled water : 

tryptone 30 g ;  yeast extract 1 0  g ;  lactose 30 g ;  KH2P04 5 g ;  and 

beef extract 2 g ( Jago et al . , 1 9� ) . The medium was sterilised by 

autoclaving at 1 5  lb per in
2 

for 20 uinute s .  Cultures were grown in 

20 litres of medium in a New Brunswick 50 litre Fermacell fermentor . 

The culture wa s stirred at an impellor speed of 1 50 rpm , but no 

additional aerat ion was provided .  'l'he pH was maintained between 6 .0  

and 6 .5 by periodic addition of  2 .5 M sodium hydroxide during fer­

mentation . 

The cells were Th�rve sted near the end of the logarithmic phase 

of growth by centrifugation at 5 , 500 g for 1 5  minutes at 0°C .  The 

yield was ·1 . 3 to 1 . 5  g wet weight of cells per 1 00 cm3 of medium if 

grown as de scribed.  With no pH control the yield dropped to 0 . 6  g wet 

weight of cells per 1 00 cm3 of medium . The harvested cells were 

washed three t ime s in 0 . 005 M phosphate buffer pH 7.0 containing 1 %  

NaCl . The cells were then stored frozen until required. The c ells 

could be st ored for a month with no re sult ing loss in 1(+ )-LDH 

activity in the cell free extract . Cells stored up to a month were 

used for prelL�inary work to e stablish 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. 

2 .3. 2 Breakage of�� 

Cells were thawed and suspended in 0 . 005 M phosphate buffer pH 

7 . 0  and disrupted by two pas sages through an Aminco French pressure 
2 cell at 5 ,500 lb per in . • Unbroken cells and cell debris were 

centrifuged down at 1 3 , 000 g for 1 5  minute s  and the cell-free extract 

was dialysed against the same phosphate buffer for 1 5  hours at 4 °C .  

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

2 .3.3 Streptomycin Sulphate Treatment 

Nucleic acids were precipitated from the dialyse d  cell-free 

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

of a 1 aft ( w/v ) solut ion for every 1 00 rng protein.  The resulting 



suspension was allowed t o  stand for 4 hours and the precipitate was 
removed by centrifugation at 1 3 ,000 g for 1 5  minutes . 

Maximum nucleic acid precipitation ( as determined by the A280/ 
A260 ratio ) was achieved when 1 50 mg streptomycin sulphate ( 1 . 5  cm3 

32 . 

of  a 1 c% solution ) was added per 1 00 mg protein . If more than 200 mg 
streptomycin sulphate ( 2  . 0 cm3 of a 1 ofo s olution) wa s added per 1 00 mg 
protein then the % recove� of LDH activity dropped rapidly with an 
associated drop in specific act ivity . 

The supernatant after s treptomycin sulphate treatment was dialysed 
against 0. 005 M phosphate buffer pH 7 . 0 for 1 5  hours . Solid powdered 
ammonium sulphate was then added slowly to bring the solution to 5c% 
saturation . After leaving for half an hour, the precipitate was 
removed by centrifugation at 1 3 ,000 g for 1 5 minutes . The concentration 
of the ammonium sulphate in the supernatant was then increased to 65% 
saturation . After three hours the pre c ipitate wa s collected by 
centrifugation at 1 3 , 000 g for 1 5  minute s ,  redissolved in 300 cm3 0 . 025 M 
c itrate buffer pH 6 .1 and then dialysed against the same citrate buffer 
for 24 hours . 

2 .3 .5 DEAE-Protion I�� Excll�e Chromate� 

� Dev�f._?,_pme��a���.t4t��b� Ioi2...,�X:.Sl:!ang�t'yification procedur:?_ 

Since the enzyme activity was precipitated in buffer solutions at 
about pH 5 .0 it was decided to use a DEAE type ion exchange re sin in 
preference to a CM-type ion exchange res in . 

A comparison between DEL\.E-Cellulo se (Vfhat�,::tn DE23 ) and DEAE­
Protion was made using two glass  columns of identical dimensions and 
packed with equal columns of  the two res ins . 
used for both types  of res in gradient runs . 

Identical conditions were 

Figures 2 . 3 . 5a and 2 . 3 . 5b show the differences in the prote in 
and LDH activity elution profile between the �fo types of DEAE res ins . 
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 res in .  The 
main LDH activity peak on the DFAE-Protion resin was eluted earlier 
on the gradient , compared to the single L ( + )-LDH activity peak eluted 
on the DEAE-Cellulose re sin . 



F igure 2.3.5: a and b 
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COMPAR ISO N  of LDH PUR I F I CATION on D EA E - C E L L U LOSE and D EA E  PROT I O N  
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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 wa s a newly developed resin and its potential 

for protein purification neGded to be investigated.  

2 .  The DEAE-Protion had a much better flow rate than DEAE­

Cellulos e .  In the run just described the flow rate was 0 .8 cm3 /minute 

and was the maximmn for the DEAE-Collulose res in under the de scribed 

conditions . The DEAE-Protion, under the same conditions could have 

been run at a flow rate up to 1 0  cm3/minute . Using a flow rate of 

2 cm3/minute a similar elut ion profile to the gradient run using a flow 

rate of 0 . 8  cm3/minute was obtained,  but increases in the flow rate above 
7. 

2 cm�/minute  gave progre s sively less  efficient separation .  Tho faster 

flow rate allowed quicker preparation, equilibration and washing of DEAE-

Protion resin compared to DEP�-Cellulose resin . This property is 

particularly advantageous when large columns are be ing 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 i s  le s s  

than that of DEAE-Cellulose , this can be easily compensated for by use of 

larger colurrms .  The use of larger c olumns , although diluting the LDH 

activity, did not lower the % recovery of activity and in fact gave a 

better purification . 

The ta iling of the LDH act ivity peak, shown in the two figures 

( 2 .3 .5a,  b ) did not appear to be due to a dii'ferent LDH . The fractions , 

containing the tail o f  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 maj or peak of the first column run and had a similar 

tailing off , of activity. 

Using DEAE-Protion different buffer gradients were inve stigated 

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 the se buffers . An LDH 

sample dialysed for 1 2  hours in 0 . 01 M tris/HCl buffer pH 7 .5  retained 

only 1 afn of its activity and in 0 . 01  M pyrophosphate buffer pH 8 . 0  only 

2�% of the a ctivity remained after 1 2 hours of dialysis . In 0 .01 M 
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phosphate buffer ( pH 6 ,  7 or 8 )  and citrate buffer ( pH 6 . 0)  activity 
wa s stable , even during prolonged dialysis (4.8 hours ) and storage in 
diluted form ( 0 . 5  mg protein/cm3 ) for up to one we ek . Citrate buffer 
waa cho sen in preference to phosphate since le ss tailing of the 
activity peak o c curred in citrate . 

From the se trial gradient s a stepwi se elution of LDH from DEAE­
Protion, us ing citrate buffer ,  was developed to give a good yie ld of 
fract ions with high spe cific act ivity . The procedure finally adopted 
wn s a s  follows . 

b) DEAE-Prot ion Ftu�ificat ion of LDH 

The redissolved pre cipitate from the 5G-65% ammonium sulphate 
fra ction after dialysis against 0 . 025 M c itrate buffer pH 6.1 for 24-
hour s ,  wa s applied t o  a DEAE-Protion column (40 cm x 6 cm ) pre­
e quilibrated wit h  0 . 025 M citrate buffer pH 6 .1 • The column was then 
e lut e d ,  at a rate of 3 cm3 /minute , with t he same buffer until the 
absorbanc e  of the eluate at 280 nm ha d dropp ed to z ero . The LDH wa s 
e lut ed,  at the same flow rate , with 0 . 05 M c itrate buffer pH 6 .1 and 
all fractions c onta ining the enzyme at a spe cific activity greater than 
300 U."1it s/mg protein were bulked . S olid powdered ammonium sulphate 
was added to bring the concentration of bulked fractions to 70fo saturat ion . 
The pre c ipitat e  wa s centrifuge d down , rediss olved in 0 . 05 .M phosphate 
buffer pH 6 . 7  and dialysed against the same buffer for 24 hours . 

2 .3. 6 Chromatography on an 11 0xamate Affinity Re sin11 • 

a) Development of a suitill..£... affinity chromatoeaphy proce dure 

O ' Carra and Barry (1 972 ) reported the use of affinity chromatography 
on a re s in to which an oxamate group had been attached for characterizat ion 
of pig heart lactate dehydrogenase (LDH ) , (H4) .  LDH ha s  a compulsory­
ordered reaction me chanism (Thomson � �. , 1 964; Silverste in and Boyer,  
1 964 and Fromm , 1 963 ) in which t he NADH c oenzyme compuls orily binds 
first . O ' Carra and Barry found that if NADH was included in the 
eluant , LDH was strongly retained by the oxamate affinity resin ,  but 
when NADH wa s omitted from the eluant , the LDH wa s eluted almost 
immediat ely . Hence oxamate ,  a pyruvate analogue , will only bind t o  
LDH i f  NADH is bound first . 
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A trial run using an oxamate affinity resin (prepared as  

de scribed in Sect ion 2. 2. 5 ) to purify the �- lactis  � O LDH was 

designed on the assumption that this enzyme also ha s a compulsory­

ordered mechanism and required Loth N1\DH and FDP for binding of 

oxamate .  The result of this trial run can be se en in Figure 2 . 3 . 6 . 

LDH did bind as shown by the initial high protein peak with no 

a ss ociated LDH a ctivity peak . Eluant B would have been expected 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 ,  consist ing 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 elut ion profile as 

shown in Figure 2 . 3 . 6 .  The ionic strength o f  the first eluant 

(A ) could be increased to 0 .1 M ,  removing further contaminant proteins 

but leaving the 1 ( + ) -LDH bound . Subsequent elution with 0 .1 5  M 
pho sphate buffer eluted a small peak of contaminant prote in before 

removing the LDH. 

buffer . 

Complete elution was achieved in 0. 2 M phosphate 

Although the LDH binds to the oxamate resin in the absence of 

FDP and NADH, kinetic studie s  of inhibition by oxamate , to be des cri l::> c: -. 

later,  have revealed a peC' J lj "' ,.... ; n + oract i  nn J: : -�-·.-:::: :: :->  -1-hi_s 0ompound and 

tho LDH in phosphate buffer . The procedure described in the following 

paragraphs which relies solely on increasing �onic strength of the 

eluting buffer to remove the LDH , 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 spec ific activity the procedure was adopted in the final 

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 t otal volume of 1 0 cm
3 containing not more 

than 1 00 mg of protein or GO, 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  cm
3/minute . After loading , tho column was 

left standing for one hour before being eluted at a rate of 0 .5  cm
3/ 

minute with 0 .1 M phosphate buffer pH 6 .  7 .  This step removed a 
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Figure 2.3.6 

T R I A L  "OXAMATE AF F I N ITY" CH ROMATOG RAPHY OF LDH 
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Column Cond itions: Column size - Length ( 1 0  cm) ;  D iameter ( 1 .0 cm) . Pre­
equi l ibration 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 FOP i n  0.05 M phosphate buffer pH 
6.65 were eluted through the column. Sample Appl ied - Protein ( 1 0  mg/cm3) Activity 
( 6400 units/cm3) ;  Volume (7 cm3) ;  Buffer (0.05M phosphate buffer pH 6.5 conta ining 
0.005M N AD H  + 0.01 M FOP) .  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 el utions were carried out at a flow rate of 0.3 cm3/m inute. 

Eluant A - Fractions O . to 1 6 - 0.05 M phosphate buffer + 0.01 M FOP + 0.005 M NADH 
pH 6.65. 

Eluant B - Fractions 1 7  to 28 - 0.05 M phosphate buffer + 0.01 M FOP + 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 d ialysed in 0.005 M phosphate buffer before 
protein was determined by Folins and the LDH activity assayed . 

KEY: • ,  LDH Activity ( u nits/cm3) ;  e ,  Protein ( mg/cm3) .  



considerable amount of contaminant protein while the LDH remained 

bound t o  the re s in. LDH activity was removed from the resin by 

successive elution with 20 cm3 of 0 . 1 5 M and 50 cm3 of 0 .2  M 

phosphate buffer pH 6 . 7 .  High specific activity lactate dehydro-
genase fractions were pooled and concentrated by ultrafiltration. 

The concentrated solution was finally dialys ed against C.� M 
phosphate buffer pH 7 .0  and frozen in small volumes .  

The above purification procedure s ( 2 . 3 .1 to 2 .3 . 6b )  purified 

the §.. lactis c1 0 LDH, overall by 1 00-fold as is summarised in 

38 .  

Table 2 . 3 .  The results in Table 2 .3 represent the purification from 
§.. lactis � O  harvested from 20 litres of medium . The purification 

procedures were carried out on five separate occasions and in each case 

the purification scheme gave s imilar re sults 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 unit s/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 los s  in activity was at the DEAE-Protion chromatography 

step . However only up to  3Q% of this lost activity was unaccounted 

for; the remaining activity was lo st in discarding fract ions of low 

specific act ivity . 



Table 2 . 3 

Summa£Y�f lactate dehydrogenase purification procedure 

--

Treatment Total activity Total protein Specific activity 
unit s mg units/mg 

Cell free extract 9 .1 X 1 o5 32 ,400 26 

Streptomycin sulphate 
supernatant 9 .9 X 1 05 27,500 36 

Ammonium sulphate 

50-65% redissolved 
precipitate 8 .0 X 1 o5 7,300 1 1  0 

DEAE Protion bulked high 
specific activity 
fractions 3 . 9 x 1 o5 650 600 

"Oxama t e Affinity" 
!; 

chromatograpr..y 3 .0 X 1 0-" 1 07 2 , 800 

Purification 
factor 

-

-

1 . 4 

4 .. 3 

23 . 2  

1 09 . 0  
-----------

Per cent 
recovery 

- -

-

-

92 

1..-9 

33 

"'" '\0 
. 



2 .4 Properties of the Purified L(+)-Lactate Dehydrogena�� 

40 .  

Unless specially mentioned all the work on the propertie s 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 54 o% of its 
activity and on storage f01· six months 20-30% of original activity was 
lost . An LDH sample stored for six months had the same KM for 
pyruvate and NADH and the same FDP requirement as the enzyme iwuediately 
after purification . An LDli sample stored for two years had lost 6c% 

of its activity although there was no change in the �A for pyruvate and 
NADH or in FDP requirement . 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 propert ies of the purified LDH 
described in the following sections (unles s  otherwise stated) w ere 
derived from samples frozen for less  than three months . 

2 .4 .1 Polyacrylamide Disc G�l�lec�rophore�� 

Polyacr,ylamide 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 value s and ionic strengths . 
Under most conditions several protein bands were obtained and it has 
proved difficult to e stablish with certainty how far all of the minor 
bands represent modified forms of the enzyme or whether some arc 
impurities . 

When the gels were run in the tris/glycine buffer pH 8 . 3 as 
de scribed by Gabriel (1 971 ) and stained for protein they showed three 
maj or bands and two to three minor bands . Gels were stained to detect 
enzyme activity either in the direction of reduction of NAD by lactate 
or the oxidation of NADH by py1�vate as described in Section 2 . 2 . 7 . 
vVhen a gel was stained to detect lactate oxidation an activity band 
appeared corresponding to one of the three maj or bands but this band 
took 24 hours to develop . Gels run in 0 .1 M tris/maleate buffer or 
0 .1 M phosphate buffer pH 8 . 0 and pH 7 . 0  gave a similar pattern of 

protein staining (Figure 2 .4.1n gel 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 distinguishP.ble 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 a thil'd activity bo.nd appeared on top of the 

second band, However by this stage the background stain wa s too 

great t o  allow suitable photographs to be  taken . A diffuse 

indistinct activity band also oc curred cJ.os e  to the top of the gel 

not corre sponding t o  any protein band .  The pyruvate reduct ion 

act ivity stain showed in most cases a broa d activity band covering 

the whole region of the three mn j or protein bands . However when the 

gels ( run in e ither buffer at pH 7 . 0)  were st �ined for pyruvate 

reduct ion for sh:::rt t ime s (two to four minui;e s )  c.. s � c1ining pettern wa s 

obtained that showed throe bands of activity which corre sponded to the 

three maj or protein stains . An unstn.ine d ,  diffuse z one was pre sent 

near the top of the gel corro sponding t o  thu zone of lactat e oxida t ion 

activity . At this pH ( 7 . 0 or greater) no prote in band was dete ctable 

in this region . The contra st with the dark background stain in the 

re st of the gel 3 is  not sufficient to reproduce the se bands very 

clearly in the gel photograph - a line drawing ac companyine the photo­

graph ( Figure 2 .4 . 1 b) shows the main features that would be distinguishe d 

in the gels . The indi st inct protein bands of gel 1 in Figure 2 . 4 . 1  a 
were often obtained part iculc.rly in tris buffers in comparison to the 

dist inct protein stain sucll a s  that shown in gel 1 of  Figure 2 .4 .1 c 

which wa s characteristic of gels run in phosphate buffe r .  

At pH 6 . 0 , in either 0 . 1  M tris/rnaleate or 0 .1 M phosphate 

buffer ,  the pro t e in and activity patterns were quite different from 

tho se at pH 7 . 0  or above . There was one slow moving prot e in corre s­

ponding to a band of high enzyme activity for both lactate oxidation 

and pyruvate reduction . This is shown in Figure 2 .4 .1 c  where gels 

1 ,  2 and 3 were run in 0.1 M or 0. 042 M tris/maleate buffer pH 6 . 0 .  

The pattern is the same i f  g e l s  wore run in 0 . 1 H �- '' '1 sphat e buffer 

pH 6 . 0 .  The lactat e oxidat ion activity band took only five to ten 

minute s  to develop compared to four hours or longer for the main band 

in gels run at pH 7 . 0 .  However if the rnolarity of either tris/maleate 

or pho sphate buffer at pH 6 . 0 was dropped to a lower ionic strength 

the protein and act ivity pattern changed . The gel, shown in Figure 

2 .4.1 d ,  was electrophore s e d  in 0 .035 M tri s/maleate buffer for the 

same time as the gels in Figure 2 .4 .1 c .  The slow moving prot e in has 

disappeared and is res olved into a broad protein band migrat ing 

cons iderably fa ster and two t o  three minor bands . The major band 

• 



does show activity on appropriate staining , but the activity stain 

for the lactate oxidation takes longer to  develop { two hours ) .  

Figure 2 .4. 1 e 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 e ither tris/maleate or phosphate buffers . 

42 . 

Gel 2 was run under the same conditions except that 1 5  fl.mole s of .F'DP 

was added with the 50 f.!.g of protein layered on t8p of the gel prior 

to e le ctrophoresis . In this case the bulk of the protein ran a s  a 

single highly active slow �oving band . However the change of protein 

pattern with addition of FDP was not a specific effect of FDP since 

if the same amount of Na2so
4 

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 prote in 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 a s say mixture . (Both gels 5 and 6 were left in the activity mixture 

twice as long ( one hour) before staining as gels 3 and 4� The 

resultant top activity band was Buch le ss  noticeable and the lower 

act ivity band was very faint and. does  not appear in the photograph . 

Gel 6 had no FDP present during either running or development of 

act ivity; no activity bands were detectable . The effect of FDP on 

the a ctivity stain development indicates that the activity being 

detected is due to LDH . This was further supported by the fact that 

if e ither substrate in the pyruvate reduction or lactate oxidation 

act ivity 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 o f  purity of the enzyme from these studies .  At pH 6 . 0  

a t  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 

component s .  Increasing the pH in a n  attempt t o  increase the 
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mobility of this band results in modification of  the enzyme to a much 

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 represent different conformational and/or 

dis sociated states of the enzyne rather  than major impurities .  

The two fastest running bands obtn.ined at these pH values may 

represent impurities since no activity bands corresponding to  the se 

ever appeared . 

Attempts to improve the resolution of the slow rw<ning 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 0 .1 M phosphate buffer where there are 

a number of medium migrating bands of  protein and activity (gel 1 , 

Figure 2 .4.1 e )  gels run in 0 . 25 M phosphate pH 7 . 0  (Figure 2 .4 .1 f )  

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 0 . 1  M tris/ 

maleate buffer pH 7 . 0  as a broad protein stain migrating at an inter­

mediate speed was demonstrated a s  shown in Figure 2 .4.1 g .  

2 .4 .1 . 1  Sodium Dodec�l�l�h�t�_f£lyacrylamide���c Gel Electr�horesis 

Sodium dodecyl sulphate ( SL 3 )  polyacrylamide disc gel electro­

phoresis was carried out a s  a fu1�her means of determining the purity of 

the � ·  lactis � O LDH and to determine its subunit molecular weight . 

One major protein band and four El�_nor bands were obtained (Figure 

2 .4.1 .1 a ) . The relative mobilities of the st.., t'rl:->_�d proteins and LDH 

were calculated by t:1e method of Ueber and Os'oorn ( 1 969 ) . By plotting 

the relative mobilitie s 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 .1 b where the points 

for each of the standard proteins repre sent the average mobility of 

four separate runs . The average value obtained for the maj or protein 

for the � ·  lactis � O LDH sample was 3 6 , 000 from 6 gel runs . The 

range for the S .  lactis C 0 LDH subunit molecular weight was from - 1 
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 



Figure 2 .4. 1 : a ,  b and c 

_Polyacrihamide Disc Gel Electrophore sis 

Figure a 

The gels were run in 0.1 M tris/maleate 

buffer pH 7 . 0 .  40 �g of purified LDH 

was added to each gel . Gels are 

numbered from left t o  right . 

Gel 1 
Gel 2 

Gel 3 

Protein stain 

Lactate oxidation activity stain 

Pyruvate reduction activity stain 

Figure b 

Figure b shows a line drawing of 

the gels that are shown in Figur 

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 . 1 M tris/maleate 

buffer pH 6 . 0 .  40 �g of purified LDH 

was added to  each gel . Gels are 

numbered from left to right . 

Gel 1 

Gel 2 
Ge l 3 

Prote in stain 

Pyruvate reduction activity stain 

Lactate oxidation activity stain 
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Figure 2 .4 . 1 : d and e 

Polyacr���mide Disc Gel Electrophoresis 

Figure d 

The gel was run in 0 . 035 M tris/maleate buffer pH 6 . 0 *  

40 �g 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 �g 

of purified LDH was added to each gel . In addition to the 

protein added, gels 2 ,  3 and 5 had 1 5  �moles of FDP present 

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

had 1 5  �moles of Na2so4 added . 

Gel 1 Protein stain 

Gel 2 (FDP) Prote in stain 

Gel 3 (FDP) Pyruvate reduction activity stain 

Gel 4 �Jruvate reduction activity stain 

Gel 5 ( FDP) Pyruvate reduction activity stain 

Gel 6 Pyruvat e reduction a ct ivity stain 

Gel 7 (Na2so4) Protein stain . 

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

reduction activity mixture . 



4 5 

' 



Figure 2 .4.1 : f and g 

PolyacrYlamide Disc Gel Electrophore sis 

Figure f 

The gels were run in 0 .25 M 
phosphate buffer pH 7.0 .  

40 �g o f  purified LDH was 

added to each gel .  

Gel 1 

Ge l 2 

Protein stain 

Pyruvate reduction 

act ivity stain 

Figure g 

The gels were run in 0.2  M 

tris/maleate buffer pH 7 . 0 .  

40 �g of purified LDH wa s 

a�ded to each gel .  

Ge l  1 Pyruvate reduction 

activity stain 

Gel 2 Protein stain 

Figure 2 .4 .1 . 1  a 

SDS Po�_qrylamide Disc Gel Ele ctrophore sis 

40 �g of the purified LDH , denatured in SDS , 

was added to the gel shown . The gel wa s 

run under the c onditions a s  de scribed by 

We ber and O sborn ( 1 969 ) . 
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Figure 2.4. 1 .1 .b 

SOS PO LYACRY LAM IDE DISC G E L  E L ECTROPHOR ESIS:  STANDARD CURVE 
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The standard curve shown was obtained by plotting the relative mobil ities (calculated by 
method of Weber and Osborn, 1 969) of the standard proteins against log of their molecular 
weight. The point for each standard protein represents the average relative mobi l it ies from 
four separate ru ns. The arrow ind icates the average relative mobi l ity of the S. lactis lactate 
dehydrogenase ( LDH) ( major protein stain on gel in  F igure 2.4. 1 .1a) and this position 
corresponds to a molecu lar weight of 36,000. The standard proteins are: Bovine Serum 
Albumin  ( F iuka) ;  G lutamate Dehydrogenase (Type I Bovine l iver, Sigma) ; Ovalbum,in 
(Sigma) ;  Aldolase ( Rabbit muscle, Sigma) ;  Lactate Dehydrogenase ( Rabbit muscle type 1 1 ,  
Sigma) ; Carboxypeptidase A ( Bovine pancreas, Sigma) . The molecular weights of the 
standard proteins were obtained from Weber and Osborn ( 1 969) . 20 J,t g  of each of the 
standard proteins was used. 



the L(+ )-LDH from �· cremoris US3 by Dynon � �· (1 972 ) .  The 
large st 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 � al .  ( 1 972 ) and its persistence in the presence of 
reducing agents during SDS denaturat ion treatment indicate s  that it 
is more likely a contaminant protein .  

48 .  

From polyac�lamide disc gel electrophoresis , with and without 
SDS , the purified enzyme is clearly not completely homogenous .  
However the specific activity and the degree o f  purification of 
the S .  lactis C 0 L(+ )-LDH is higher than that obtained by most previous - 1 
workers studying streptococcal LDH ' s .  Jago � £1· ( 1 971 ) studied the 

the LDH of �· cremoris US3 using a sample 
showing a single protein band on powacrylamide disc gel electrophore sis .  
This sample was purified 80-fold compared to 1 00-fold purification for 
the �· lactis c1 O LDH . However when Jonas et al. ( 1 972 ) studied the 
kinetic propertie s  of the LDH from £• cremoris US3 , only a 1 0-fold 
purified sample was used. Brown and Wittenberger (1 972 ) studied 
the LDH of �· mutans NCTC 1 044-9 using a 1 37-fold purified preparation , 
and Wittenberger and Angelo ( 1 970 ) studied the §_. faecalis LDH using 
a 35-fold purified preparation . 

2 .4 . 2  Effect of pH on Ac�yity of LDH 

The effect of pH on lactat� oxidation and pyruvate reduction, as 
catalysed by the §_. }�cJcL� c1 0 LDH, was inve stigated in several different 
buffers and in the presence and absence of the activator , FDP. In 
order to ensure that the changes in activity with pH were not a con­
sequence of enzyme L�qct ivation over the assay period, the stability 
of the diluted ensyme at 25°C was examined at diffBrent pH values and 
in two different buffers . In Figure 2 .4. 2a it can be seen that the 
LDH become s progressively unstable with increasing pH above 7 . 0  in 
90 mM tris/maleate buffers . However, even at pH 8 . 5  (Figure 2 .4.2b ) 
no appreciable los s  in activity occurs until after five minute s  of 
incubation . Therefore change s in activity with pH described in this 
section are not due t o  enzyme inactivation during assay as the assay 
period was always less than three minutes . In triethanolamine buffer 
over its buffering range of pH 6 .5 to 8 .5 the enzyme showed the same 
pattern of stability as sho>� for tris/maleate buffer in Figures 
2 .4.2 a and b ,  although it appeared to be slightly less stable in the 
alkaline lii!ii�J 
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Figure 2.4.2a shows the stabi l ity of di luted LD H (2�g protein/cm3) incubated at 25°C 
for different times in 90 mM tris/maleate buffer pH 6.0, • ; pH 7 .0, • ; pH 7 .5, "' ; 
pH 8.0, t:. ; and pH 8.5, o . F igure 2.4.2b shows the stabi lity of d i luted enzyme in 90 
m M  tris/maleate buffer pH 8.5 incubated at 25°C for shorter time intervals. 

1 00% 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 0, 1 and 1 0 mM FDP under otherwise standard 

assay conditions . The four buffers , tris/maleate ,  triethanolamine/HCl , 

glycylglycine and imidazole , gave similar pH activity profile s .  The 

three activity profiles in triethanolamine/HCl buffer in Figuro 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 1 0  mM FDP 

was only slightly higher than at 1 mM FDP and optimal activity occurred 

at pH 6 . 9  to 7 . 0  when FDP wa s present . However in the absence of FDP, 

the optimum pH shifted to pH 8 . 2 and the activity at this opt imum pH 

was 60-fold less  than optirial activity in the presence of FDP.  In 

phosphate buffer (Figure 2 .L� . 2e ) the pH profile with 1 0  mM FDP was 

again very similar in shape to  profile s in the other four buffers at 

1 0  rn.111 FDP. However with 1 mM FDP the activity was greatly reduced in 
phosphate buffer, to  about 1 /1 0  of that using 1 0  mM: FDP, and activity 

was virtually undetectable in phosphate buffer in the absence of FDP. 

The pH optimum for lactate oxidat ion was 8 . 0 to 8 . 2 for 

triethanolamine/HCl , tris/maleate and phosphate buffers , with and 

without FDP. Figure 2 .4. 2 f and g shows the pH activity profile for 

lactate oxidation in triethanolamine and phosphate buffer at 0, 1 and 

1 0 mM FDP. Tris/maleate buffer gave the same profiles as  triethanolamine/ 

HCl buffer . As was the case for pyruvate reductio"l, the rate of lact2.te 

oxidation in triethanolaminc/HCl buffer (FifSure 2 o4 . 2f ) was only slightly 

less  in 1 mM FDP than in 1 0  m.1l FDP.  In p�_o sphate buffer (Figure 2 .4.2g)  

the activity in 1 mM FDP was only 50}!o of that in 1 0 mM FDP.  With no 

FDP the rate of lactate oxidation in triethanolamine/HCl buffer dropped 

by half , while in phosphate buffer ,  at any pH val'..:e , there was no 

detectable activity. 

The pH activity p1·ofile results obtained for the S .  lactis c1 0 
LDH are similar to those reported by Jonas � �1· ( 1 972 )  for £• cremoris 

US3 , except  that they obtained a much broader pN optimum for pyruvate 

reduction in the presence of FDP, extending from pH 7 . 5  dovm to pH 5 .5 ,  

before activity fell off . The full pH profile for the £· cremoris US3 

enzyme was only given for buffGrs 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 difference between the LDH from 
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PYRUVATE REDUCTION pH PROFILES 

Figure d Tris/maleate buffer Figure c Triethanolamine/HCI buffer 

6.0 

pH 
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pH 

The effect of FOP on the pH optima curve for pyruvate reduction by� LDH was 
assayed in triethanolamine/HCI buffer (Figure cl, tris/maleate buffer (figure d) and in 
phosphate buffer (Figure e). The standard reaction mixture (total volume, 3 cml) for 
pyruvate reduction contained: 0.167 mM NADH; 10 mM Pyruvate and 90 mM buffer 
at pH values as indicated in the Figures. The three different FOP concentrations present 
in the reaction mixture were: • , no FOP; • ,  1 mM FOP; and o, 10 mM FOP. 
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The effect of FOP on the pH optima curve for lactate oxidation by S. lactis LDH was 
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 : 1 0  mM 
NAD; 33.3 mM L(+)-lactate and 90 m M  buffer at pH values as  ind icated in the F igures. 
The three different FOP concentrations present in the reaction mixture were: • , no 
FOP; e ,  1 mM FOP; and o, 1 0  mM FOP. 
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£• lactis c1 0  
and �· cremoris was the acid pH optimum of the �· cremoris 

enzyme and the neutral pH optimum of the S .  lactis C 0 enzyme for - 1 
pyruvate reduction . 

pH versus activity profiles for the �· faecalis (Wittenberger 

and Angelo , 1 970 ) and S .  mutans ( Brown and Wittenberger, 1 972 ) LDH' s 

were not included in the published studies on these  two enzymes . 

However, from a study of tho effect of pH on the FDP saturation curve 

it is clear that the LDH' s from both the se have a more acid pH optimum 

than that from _§..  lactis c1 0 • Thus for the S .  mutans LDH maximum 

activity was g reater at pH 5 . 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 (1 00 mM) . 
T�e kinetic studies reported in subsequent page s ,  were mostly 

carried out using tris/maleate buffer and the effect of phosphate on 

the activity 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 0, 1 and 1 0 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 . Tho difference s  in activity between tri­

ethanolamine/HCl and tris/hlaleate buffers will be reported with the 

appropriate kinetic results from studies of activity in phosphate 

and tris/maleate buffers . 



2 .4.3 Factors affecting the i!'ructos.2,_-1 ,6-Diphosphate Activation of 
S .  lactis c1 0 L( + )-LD1! 
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2 .4�.1 The effect of different buffers on FDP activation of 1(+)-LDH 

Large differences in M O .SV value s (FDP requirement for half 
maximum activity) for FDP activation of the LDH' s from various strepto­
cocci  have been reported, as mentioned in the Introduction (2 .1 . 3 ) . The 
M O .SV values range from 5 . 0 mM for �· mutans (Brown and Wittenberger , 
1 972 ) , 0.04.5 mM for .§. •  faecalis (Wittenberger and Angel.o , 1 970) and down 
to approximately 0. 005 rrillf for §.. cremoris (Jonas � �. , 1 972 ) .  

The work described in thB previous section, on the effect of pH, 
showed that enzyme activity varied depending on the type of buffer 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  C 0 LDH were determined at the pH optimum ( 6 . 9 ) .  - 1 

A plot of activity versus FDP concentration in tris/mo.loate buffer 
( Figure 2 .4.3 .1 a ) shows that the LDH activity was a sigmoidal function 
of FDP concentration.  When the same data are plotted as a Hill plot 
(Figure 2 .4.3 . 1 b )  (where log v/V -v is plotted against log FDP max 
concentration ) , the M 0.5V value (where v/Vmax-v = 1 ) is 0 . 2 mM FDP. 

Hill plots of the data obt<J.ined in triethanolamine/.l1Cl and pho s-
a t e buffer (using the same a ssay conditions as for tris/maleate ) , are 

compo.red with those in tris/maleate (:B'igure 2 .4 . 3 . 1 c ) . In p.!1.o sphate 
buffer the M 0•5V value is 4 .4 mM FDP, whereas in triethanolamine/HCl 
buffer the M 0 •5V value is 0 .002 mM FDP,  i . e .  a two thousand-fold 
difference . Jonas  � �· (1 972 ) showed that in phosphate buffer, the 
S .  cremoris US3 LDH required a much higher concentration of FDP (1 0  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 �· cremoris is at least qualitatively similar to � ·  lactis c1 0  
in terms of relative activity in triethanolamine/HCl 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 (�, i . e .  
the slope of the Hill plot ) is  relatively constant i n  the three buffers , 
being 2 .1 in phosphate and tris/maleate buffers and 1 . 7 in 
tri.ethanolamine/HCl buffer . This suggests that there are at least 
two interacting FDP binding sites in all three buffers . 
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EFFECT OF VARYING FOP CONCENTRATION ON ACTIVITY OF S. lactis LOH 
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6.9; 0.167 mM NADH; 10 mM pyruwte and 0.1 cm3 of diluted enzyme . The FOP 
concentration was varied as shown in the Ftgures. Figure a is a plot of LDH activity 
vwsus FOP concentration. Figure b is a Hill plot of the data from Figure a. 
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E F F ECT OF T H R E E  BUFFERS ON FOP ACTIVATION OF LOH 

Hill interaction coefficient 

M 0.5V = 0.002 mM FOP M 0.5V • 0.2 mM FOP 

Trtethanolamine/HCI buffer 
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Hill plots (where log v/Vmax·V is plotted against log FOP concentration) are shown for the 
FOP activation of LOH in three buffers: Triethanolamine/HCI buffer, e ; tris/maleate 
buffer, • ; Phosphate buffer, .& . The reaction mixture contained in a total volume of 
3 cml: 90 mM buffer, pH 6.9; 0.161 mM NADH; 10 mM pyruvate and 0.1 cm3 of 
diluted enzyme. The FOP concentration was varied as shown in this figure. 
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�.4.3 .2 The effect of NADH and [Yruvate on FDP activation of L(+)-LDH 

The influence of changes of W�DH and pyruvate concentrations on 
FDP activation of LDH was investigated in 90 mM tris/maleate buffer 
pH 6 . 9 .  Brown and Wittenberger (1 972 ) showed that for the s .  mutans 
NCTC 1 0449 LDH , the M v.5V value 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 , summarised in Table 2 .4 .3 . 2 ,  were obtained by 
measuring the activity at 1 2  different FDP concentrations for each 
different NADH and pyruvate concentration combination and then plotting 
the data as Hill plot s . Changing the concentration of either substrate 
had only a small effect on both the Hill coefficient (�) and the M . 0 •5V 
value s .  The lJi 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 �· �1tans NCTC 1 �9 (Brown and Wittenberger, 
1 972 ) and £ •  lactis c1 0  in that pyruvate concentration significantly 
effects the .M 0 •5V value for the §_. mutans enzyme but has little effect 
on the value for the S .  lactis C 0 LDH - . 1 

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/maleate buffer are shown in 'Figure 2 .4 .3 .3 . 

Compared t o  the response at the optimuo pH of 6 . 9 ,  decreasing the pH 
to 5 . 9 has no significant effect on the interaction coefficient ( 2 .1 to 
1 . 9 ) ,  but did increase significantly the · M 0 • 5V value from 0 . 2  mM to 
0 .5  mM FDP. At pH 8 .0  on the other hand , the enzyme no longer showed 
a significant sigmoidal response to increasing FDP concentration 
CIJt = 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 .2_ .  mutans NCTC 1 0449 ( Brown and Wittenberger, 1 972 ) and 
� ·  faecalis (Wittenberger and Angelo , 1 970) .  In both spec ie s ,  an 
increase in pH increased the 11 0• 5V value , e . g .  for £• faec�lis , which 
showed the smallest change , the M 0 .5V value at pH 5 . 8 was approximately 
0 . 03 �� FDP and increas ed to 0 . 06 1mM FDP at pH 7.5 . For �· mutans the 

� 0•5V value at pH 5 .5 was approximately 3 . 6  mM FDP and increased to 
1 6  mM FDP at pH 7 . 0 .  For both species the � value was not affected 
significantly by varying the pH . 



Table 2 .4 .3 .2  

The effect of' NADH and pyruvate on 

FDP activation of LDH 

58 .  

The activity at 1 2  different FDP concentrations , for each different 

NADH and pyruvate concentro.tion combination, was measured in 90 mM tris/ 

maleate buffer pH 6 . 9 . The appropriate V value obtained from double nax 
reciprocal plots was used to calculate the data for the Hill plot . The 

M 0 •5V values (FDP concentra.tion required for half oaxir:lwn activity) and 

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

the Hill plot s (plot of log v/V -v versus log FDP concentration) at LlaX 
different NADH and pyruvate concentrations . 

i 
NADH NADH NADH 

0 .05 ml1 0 . 1 mM 0 . 1 67 mM 
-

" �  V 1 900 units/cm3 2550 units/cm3 2900 units/cm3 
max 

Pyruvate - - � ��-

I1f 1 . 8  1 . 7 1 . 7 
1 0  mM 

M 0.5V 0 . 22 mM FDP 0 .1 7 mM FDP 0. 1 6 mM FDP 
· - - -

Pyruvate Pyruvate Pyruvate 

0 . 5  hiM 2 . 0 mM 1 o .o mM 

unit s/cm3 ) 
1 830  units/cm3 2900 lmi ts/ cm3 V 720 rnax 

NA.DH 

0 .1 67 mM % 2 . 1 1 . 85 1 . 7 

M 0.5V 0 . 20 mM FDP 0 .1 9 mM FDP 0 .1 6 mM FDP 
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THE E F F ECT O F  pH ON FOP ACTI VAT ION OF LOH 

Hi l l  interaction coefficient 
nH 

= 0.08 

0.05 0.1  

m M  FOP 

= 0.5 

0.5 1 .0 

H il l  plots ( log v/Vmax-v versus log FOP concentration) of data obtained by varying FOP 
concentration at  three different pH values in  tris/maleate buffer are shown. Vmax values 
were obtained from double reciprocal plots. The standard assay cond itions were: 90 mM 
tr is/maleate buffer; 10 mM pyruvate; 0.1 67 m M  NAOH and the FOP concentration was 
varied as shown in the figure. The three pH values are: 6. ,  pH 8.0; e, pH 6.9; • ,  
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 value s for FDP were at variance with those of 

other workers , the effect of pH was examined in phosphate buffer and 

triethanolarnine/HCl buffer . ��e results of the effect of pH on the 

M 0 • 5V values and the � values obtained in the two buffers are 

tabulated in Table 2 .4. 3 . 3 , along with the results obtained in tris/ 

maleate buffer (Hill plots for tris/maleate buffer shown in Figure 

2 .4.3 . 3 ) .  

The results obtained , �1 triethanolamine/HCl buffer , on the 

effe ct of pH on FDP activation were different from those results in 

tris/maleate buffer . The re sults were , however, consistent with the 

� ·  mutans and _2 .  faecalis findings in that an increase from pH 6 .4 to 

8 . 0  gave an increase in the M. 0 •5V value ( 0 . 001 3 to 0 .09 mM FDP) . 

The only major difference was at pH 8,. 0 ,  where the Hill interaction 

coefficient for FDP was 1 .0 over the entire FDP concentration range 

In phosphate buffer, a third dist inctive pattern of response to  

varying pH was obtained in that varying the pH fro� 5 . 65 - 8 . 00 had 

no s ignificant effect on either the � or the M 0 •5V value . This 

re sult was unexpected since phosphate buffer was used in the studies on 

both the S .  faecalis and S .  t:mtans 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 §.  lactis � O LDH and 

that of Jonas 21 .§!-l· (1 972 ) for the LDH of ..§_. cremoris US3 .  These 

workers used triethanolamine/HCl buffer and did study the effect of pH 

on the FDP requirement , but do not give M 0 .5V or � values .  However ,  

from the V versus FDP plots it is quite evident that the M 0 .5V 
value does increase as the pH increases  from 6 .0  to 8 .0 .  This trend 

is similar to the pH effect in triethanolamine/HCl buffer on the FDP 

activation of S .  lactis � O  LDH . 



Table 2 .4 . 3 . 3  
The effect o f  EH and buffer comr2� 

on FDP activat ion of LDH 
-�-� 

The standard as say condit io�s are : 90 w� buffer ,  1 0 mM pyruvat e 
and 0 .1 67 rl� NADH . For each pH and buffer type the activity was 
mea sured at twelve appropriate FDP concentrations a nd the data were 
then plotted as a double rec iprocal plot to obtain the V value . max 
'rhe v max value o btained was used in plotting the respective Hill plot . 
Appropriate FDP concentrations were cho s en for each pH and buffer type 
to give at least e ight usable point s t o  plot the respective Hill plot . 
The value s tabulated below for tris/ma leate buffer at the three pH 
value s are obtained from the Hill plots shown in Figure 2 .4 . 3 . 3a .  

Tris}Jllalea:te buffer 

pH 5 . 9  6 . 9  8 . 0 

M 0 . 5V 0 . 5  mM FDP 0 . 2 mM FDP 0 . 08 mM FDP 

� 1 • 9 2 .1 1 . 2  

TriethanolamineLHCl buffer 

pH 6 . 4  6 . 9  8 . 0 

M 0 . 5V 0 .  001 3 mM FDP 0. 0022 mM FDP 0 .  09 mJ\1! FDP 

� 1 • 7 1 • 7 1 . o 

Pho sphate l.IiH�q; NaOH) buffer 

pH 5 . 65 6 . 9  8 . 0  

M 0 . 5V 5 . 0  mM FDP 4 .4 mM FDP 5 .4 mM FDP 

� 2 . 3  2 ·1  2 .1 



2 .4.4 Effect of  VarYing RYruvate and NADH on Enzyme A�tivity 

2 .4.4.1 Determinations of JY!_ichaolis constants for pyruvate and NADH 
�r S .  lacti�1 0  1 ( + )-LDH in tris/malcate buffer. 

62 . 

A concentrat ion of 0 .5  r:1M FDP was selected for determinations of 
the Michaelis constants (KJ11 ) for NADH and pyruvate in 90 mM tris/maleate 
buffer , pH 6 . 9 .  Lineweavor-Burk double reciprocal plots ,  with NADH 
as  tho variable substrate and at 8 different pyruvate concentrations 
are shown in Figure 2 .4 .4 .1 a and with pyruvate as the variable substrate 
at 6 different NADH concentrations in Figure 2 .�.4.1  c .  Both plots 
give a family o f  intersecting line s ,  indicating that the reaction 
me chanism is , a s  expected, sequential and not ping-pong . The point 
of intersection wa s on , or very close to , the 1 /( substrate concentration) 
axis in both plots .  
pyruvate was mM .  

The �i for NADH was 0. 08 mM ,  and the Klrr for 

Secondary plot s (Figure s 2 .4.4.1 b and d) , obtained by plotting the 
Y intercept s of  the previous two graphs ( reciprocal of V ) against the max 
rec iprocal of the respective substrate concentrations , gave K11 values for 
pyruvate of 1 mM and for NADH of 0. 08 mM . These J<M value s are in good 
agreement with the values obtaine d in the primary plots and �re in 

rea sonably good agreement with the I),1 value s obtained via similar 2° 

plots by Jonas 2.i al . (1 972 ) for §. .  crenoris US3 LDH , namely 1 . 1 5 mM 
for pyruvate and 0 . 044 mM for Nf.I.DH at pH 6 .0 ( triethanoln.mine/HCl 
buffer ) using 1 . 5  rr� FDP. 

The double reciprocal plots for both pyruvate and Nll.DH (Figure s 
2 .4 .4 .1 a and c )  are quite linear over the range of concentr�tions used 
and if the data are plotted a s  Hill plot s ,  no co-operative interaction 
is evident for e ither substrate as the Hill interaction coefficient is  
1 .0 .  There is thus no evidence of t he non linearity of activity with 
respe ct to varying pyruvate concentration as  is found with the L (+)-LDH ' s 
of certain strains of .§.• £!£_tans (B:t.·own and Wittenberger, 1 972 ) . 

Figure 2 .4 .4.1 e 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 H4 type mammalian LDH and that of the 
.§. lactis c1 0 LDH in terms of possible Jd! � control . For H4 LDH 
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KM VALUES FOR PYRUVATE AND NADH 
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Figure d 

Pyruvate Binding 
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KM • 0.08 mM NADH 

The reaction mixture contained (in a total wlume of 3 cm3): 90 mM tris/mateate buffer 
pH 6.9; 0.5 mM FOP and 0.1 cm3 of diluted enzyme. The NADH concentrations were 
varied as shown in Figure a, at 8 different pyruvate concentrations. Figure a (Lineweaver­
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 respective pyruvate concentrations. 
Figure c is a plot of the reciprocal of the LDH activity versus the reciprocal of the pyruvate 
concentration at six different NADH concentrations. Figure d is a secondary plot of the 
data in Figure c where the reciprocal of the Vmax values (determined from Figure c) are 
plotted against the reciprocal of the 6 respective NADH concentrations. 
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The pyruvate concentration was varied as shown in the above figure, where LDH activity 
is plotted aga inst pyruvate concentration. The standard assay cond itions were: 90 mM 
tris/maleate buffer pH 6.9, 0. 1 67 mM NADH and 1 .0 mM F OP. 
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(Kaplan £i �. , 1 968 ) ,  pyruvate inhibits at concentrations greater 

than 1 .0 mM whereas the pyruvate only inhibit s the S .  lactis LDH at 

pyruvate concentrations twenty time s higher . 

2 .4 .4 . 2  Determinations of Michaelis constant s for pyruva:t;.�_o.E_� NADH 

in different buffers 

Kinetic data obtained by varying pyruvate  and NADE in triethanolamine/ 

HCl buffer are shown in Table 2 .4 .lf- . 2 along with the data obtained at the 

sar.'le time using tris/maleate  buffer .  The KM values for Nf'.,_DH and pyruvate  

determined in triethanolamine/HCl buffer at 1 m11 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 0.0� mM FDP for triethanolamine/HCl buffer and 0.1 mM FDP for 

tris/maleate buffer, increased the KM values for both substrate s  and 

decreased the V values ,  compared to  those obtained at [���������;;� max 
of FDP . There appeared to  be no sigmoid response to either substrate in 

triethanolamine/HCl buffer ,  a s  is the case also in t ris/m�leate buffer 

( Section 2 .4.4.1  ) . 

The results ,  obtained from varying pyruvate in 90 mM phosphate 

buffer, at three FDP concentrations , are shown in Figure 2 .4 .4 . 2a and 

Table 2 .4.4 . 2 . The highest concentration of FDP used, £ . 67 rJ1J1i , was some­

what higher than the M O.SV value in phospmte buffer (4.LI- mM FDP) . The 

KJii for pyruvate at 6 . 67 mM 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 KJd 
for pyruvate was increased and the V decreased, showing the same trend max 
as  found in triethanolamine/HCl and tris/maleate buffers . 

However when NADH was varied in phosphate buffer ,  the activity 

showed a sigmoidal response to increasing NADH concentr�tions 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 (�) of 1 . 7 

anJ a NADH concentration giving half maximum velocity (NADH O .SV) o f  

0 . 1 4 mM were obtained. A sigmoidal response to NADH has not been 

reported in any other streptococcal LDH and did not occur in S .  lactis 

c1 0  LDH assayed in tris/maleate and triethanolamine buffers . 

This sigmoidal response of reaction velocity to NADH concentration, 

for �· 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 .  



Table 2 .4 .4 . 2 

Influence of buffer composition on 

��nd Vma:x:-v��� for p,y:ruvate aE.<LJ::!A.DH. 

66 . 

The K _  and V value s for pyruvate and NADH under different assay -"M max 
conditions , were determined from Lineweaver-Burk plots . The different 
assay conditions refer to  the buffer type and the different FDP 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 .1 67 �l JYWH was 
used and where the NADH concentration was varied a constant concentration 
of 1 0  m1� pyruvate was used . The tabulated results for varying pyruvate  
concentrations in phosphate buffer at three different FDP concentrations 
v1ere obtained from the plots shown in Figure 2 . 2 .4.2a . 

Varying Pyruvate concentration 
FDP cohcentration 

(II!M) 
KM for Pyruvate 

(mM) 

Triethanolamine/HCl 1 • 0 1 . 25 
Triethanolamine/HCl 0 . 001 1 • 70 

Tris/maleate 1 . o  1 . 25 

Tris/maleate 0 .-j 3 . 30 

Phosphate 6 . 67 5 - 70 

Phosphate 3 . 3.3 1 1  .40 
Phosphate 1 . 33 44 .40 

Varying l'IADH concentration 

Triethanolamine/HCl 1 . o 
Triethanolamine/HCl 0 .001 

Tris/malea te 1 . o 
Tris/maleate 0.1 

� for NADH 
(�) 
0 . 07 

0 . 20 

0 . 07 

0. 1 4 

V units/cm3 
max 

500 . 0 

340. 0 

500 . 0 

220 . 0 

560 .0  

400 .0 

200.0 

670. 0 

41 o.o 

670 .0  

290. 0 
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Figure 2.4.4.2: a, b and c 

EF FECT OF PHOSPHATE BUFFER ON PYRUVATE AND NADH BINDING 

Figure a Pyruvate Binding 

1.0 2.0 3.0 

1/Pyruvate (mM·1 ) 

In  Figure a the pyruvate binding in phosphate buffer is studied at three FOP concentrat· 
ions: e, 6.67 mM FOP; •· 3.33 mM FOP; .&., 1 .33 mM FOP. The reaction miltture 
contained in a total volume of 3 cm3: 90 mM phosphate buffer pH 6.9; 0.167 mM 
NAOH and 0.1 cm3 of diluted enzyme. The pyruvate concentrattons are vaned as shown 
in Figure a, where the reciprocal of the LOH activity is plotted against the reciprocal of 
the pyruvate concentration, for each different FOP concentrat•on. 

F�ure b NAOH Binding Hill pk)t Figure c NADH Binding 
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In Figures b and c the Sigmoidal binding of NAOH to the �LOH is shown. Figure 
b is a plot of LOH 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 : 90 
mM phosphate buffer pH 6.9; 10 mM pyruvate; 10 mM FOP and 0.1 cm3 of diluted 
enzyme. The NAOH concentrations are varied as shown in Figures b and c. The Vmax 
value used for calculating the Hill pk)t values was obtained by extrapolation of lineweaver 
·Burk plots to the 1/v axis. 
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2 .4 .5 The Effect of Fructose:1 ,6-Diphosphate on Kinet ic Parameters 

In the previous sect ion ( 2 .4.4) it was shown that when the FDP 

concentration was varied, a lowering of FDP concentration increased K11 
and lowored V for both subst� ·atcs in all three buffer used . This max 
apparent effect of FDP on the kinet ic parameters wa s different from 

the results obtained by some other workers . Wi ttenberger and Angelo 

(1 970) showed for � ·  fa£co.lis that lowering the :B'DP concentration 

increased significantly the apparent KM for both pyruvate and IULDH 

without affecting V • Brown and Wittenberger (/1 972 ) found that max 
lowering of the FDP c oncentration did not change the KM for NADH but 

did lower the V f or the LDH of §_. mu tans NCTC 1 04.1+9 . Therefore a max 
more intensive investigation on the effect o f  FDP on the kinet ic para-

meters o f  LDH from Q. lact is c1 0 was carried out in 90 mM tris/maleate 

buffer pH 6 . 9 .  

The K � for pyruvate ancl V were dete rmined from Lineweaver-Burk -"111 ma..'C 
double reciprocal plots at four different FDP concentrations . Two sets 

of determinations were made , each at a different W\.DH conc entration . 

The results are shown in Table 2 .4 .5a . Table 2 .4 . 5b summarize s  the 

effect of FDP on NADH binding from a similar set of determinat ions . 

Decreasing the FDP concentrat ion increased the �1 for both pyruvate 

and NADH and substantially de creased the V The effect of varying max 
FDP on the KM for NADH was virtually identical at the two pyruvate c on-

centrat ions used . However the KM for pyruvate increased from 4 . 9  t o  

1 0  mM a t  a low FDP c oncentrat ion ( 0 . 05 mM )  when tLe NADH concentrati on 

was decreased from 0 .1 67 1nM to 0 . 083 mM . 
Although Jona s �! �l· ( 1 972 ) demonstrated a similar effect of FDP 

in triethanolamine/HCl buffer on the kinetic parameters of  the S .  s:remor�s 

LDH, their comparis on was nade between activ.:.�y c.eterminat ions at pH 

6 . 0  in the presence of 1 .5 �� 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 .�1 �1 . , 1 971 )  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 re sults 

obtained for the 2• lact�� � O LDH are quite different from those 

obta ine d  by Wittenberger and P-ngelo (1 970 ) , for �·  faecali s  where 

V was unaffected by FDP and only the K_ f or NADH and pyruvat e  was max -"M 
altered by varying the FDP concentration . The converse was reported 

by Brown and Wi ttenborgc:c ( 1 972 ) for the 2 .  mutans enzyme , where the 



K for NADH was unaffected and on� V was altered by variation of -"M max 
FDP concentrations . The �·  �utans 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 

§ .  mutans and S .  faecalis LDI1 1 s was carried out in 1 00 mM phosphate 

buffer, the trend of the effect of  FDP on the kinetic parameters for 

the £• lactis �O LDH appeared to be the sane in all three buffers ( see 

results in Sect ion 2 .4 .4. 3 ) .  

There is thus an unresolved difference between the conclusions froo 

the present study on the effect of FDP on kinetic parameters and those  

of Wittenberger1 s  group on the LDH ' s from �· mutans and � ·  faecalis . 

The contrast with the S .  faecalis enzyme is particularly striking where 

FDP concentration had no effect on V since in the enzyme from the max 
other three specie s 

1 0449 ) . studied V 
max 

tration . 

(.§.. lactis c1 0, §. .  cremoris US3 and �. �ta� NC'l'C 

was markedly increased by increasing FDP concen-



Table 2 .4.5a 

�11:�� of FDP on pyruvate bindin� 

The effect of different FDP concentrations on pyruvate binding 

was studied at two different t:ADii concentrations . 

70 . 

For each combination of FDP and NADH concentrat ion, the pyruvate 

concentration was varied and the activj ty was plotted against pyruvate 

concentration as a Lineweaver-B�rk plot (double reciprocal plot s ) . 

90 m11 tris/maleate buffer pH 6 . 9  was present in all assays and the FDP 

and NADH concentrations were as  indicated in the table . 

NADH 

FDP concentration (mM) � Fyruvate (mM) V units/cm3 
max 

1 . o  1 .4 2840 

0 .5 1 . 6  2000 

0 .1 2 . 7  388 

0 . 05 4 . 9  1 82 

NADH concentration = 0. 08� mM 

FDP concentration (mM) KM Fyruvate (mM) V units/cm3 
max 

0 .1 3 . 6  1 82 

0 .05 1 0 . 0 1 38 



Table 2 .4 . 5b 

Effect of FDP.on NADH binding 

The effect of different FDP concentrations on NADH binding was 

studied at two different 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 assay8 ana the FDP and pyruvate concentrat ions 

were as indicated in the table . 

Elruvate concentration == 1 0 mM 
FDP concentration (mM)  �1'1 NADH (mM) V (units/cm3 ) max 

� o.o  0 . 05 4000 

1 . o  0, 07 3640 

0 . 5  0 .07 31 00 

0 .1 0 . 1 0 625 

0 . 05 0 .1 4  365 

Elruvate concentration == 1 mM 

FDP concentration (mM) �.1 NADH ( oM ) V (units/cm3 ) max 

1 0 . 0 0 . 05 2500 

1 . o  0 . 06 2300 

0 .5  0 .07 1 940 

0 .1 0 .1 0  263 

0 .05 0 .1 4  1 72 
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2 .4 . 6  Lactate Oxidation by S .  lactis C� O 1(
+

)-LDH . 

The only work previously done on lactate oxidation by strepto­
coccal LDH ' s is  by Jonas � �· (i 972 ) who studied the LDH from 
.§_ .  cremoris US3 . The se workers only studied the lactate oxidntion 
in respect to pH optimur:1 in triothanolamine/HCl and sodium pho sphate 
buffer at three different FDP concentrat ions . The kinetics of lactate 
oxidation were studied to assess the potential significance of this 
react ion under � �  conditions . 

�.:4 . 6 .1 Deteminations of �
1 . v0lues for 1(+)-Lactate and NAD+ 

The £. lact is �
O LDH appeared to be specific for L ( + )-lactate 

as no activity was found in the pro sence of D ( - )-lactato . A small 
amount of activity wa s found at high D ( - )-lactate concentrations 
( 50 to 200 mM ) ,  but this activity could be entirely accounted for by 
the amount of  contaminating L(+ ) -lactate stated to be present by the 
supplier of the D ( - )-lactate (Sigma Chemical Company) . 

:Michaelis constant s for I, ( + )-lactate and for NAD
+ 

were determined 
in 90 mM triethanolaoine/HCl buffer pH 7 . 9 in the presence and absence 
of FDP. Unlike pyruvate reduct ion, lactate oxidation ha s the same pH 
optimum with and without FDP ( see Sect ion 2 .4. 2 ) .  

Figure 2 .4 . 6 .1 a shows th.D.t the 11,1 for NAD
+ 

is independent of 
L ( + )-lactate concentration in the absence of FDP,  as a family of inter­
secting l:L."le s is obtained ,  intersect ing on the X axis to give a KM of 
8 . 0 mM NAD� When the V va1ues obtained from the Y intercept s of the max 
plots in Figure s 2 .4. 6 .1 a  were plo tted a s  a 2

° 
plot (plot of 1 /V  max 

versus 1 /mM L( + )-lactate ) ,  a straight line was obta ined as  shown b1 
Figure 2 .4. 6 .1 b .  The �1 for L( + )-lactate from this 2° plot could not 
be detennine d as the intercept of the plot wa s near the origin of the 
axe s . The �11 for L( + ) -lactate was e st imated from a V versus S plot to 
be  approximately 500 mM or greater, and at such high concentrations of 
L (  + ) -lactat e ,  some inhibition probably o ccurs due to high ionic s-trength . 

Data o btained in the presence of 1 mM FDP are shown in Figure s 
2 .4 . 6 .1 c and e .  The two fm!lilie s of plots intersect on the X o.xis 
showing that the KM value s for Ni\D+ and 1( + )-lactate are both 
independent of the concentration of the other substrate . The respective 
2

° 
plot s ,  shown in Figures 2 .4. 6 .1 d and f give �� values of 1 30 mM 

L ( + ) -lactate and 2 .8 mM NAD+ respectively. (The KM values obtained 
from the 1

° 
plots are 1 20 � 1 0  mM L( + )-lactate and ! 0 . 2 mM NAD+ . )  
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Figure 2 .4.6.1 : a and b KM VAL U ES FOR L (+) - LACTAT E AND NAD+ 

3.0 

2.0 

F igure a NAo+ Binding 

L (+) -lactate mM 

1 .25 

KM = 8.0 m M  NAD+ 

0 

'7 
M" 

E (.,) -., ... 

0.4 

·c: :I 0.2 
x 

"' 
E 

> -... 
0 

0.8 

Figure b Lactate Bind ing 

Secondary Plot 
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The KM values for NAD+ and L (+) -lactate for S. lactis LDH are determ ined in the 
absence of FOP. The reaction mixture contained ( in a total volume of 3 cm3) : 90 mM 
triethanolamine/HCI buffer pH 7.9 and 0.1  cm3 of d iluted enzyme. The NAD+ concent­
rations are varied as shown in Figure a at seven d ifferent L (+) -lactate concentrations. 
F igure a ( L ineweaver-Burk plot) is a plot of the reciprocal of the L D H  activity versus the 
reciprocal of NAD+ concentration. F igure b is a secondary plot of the data in F igure a, 
where the reciprocal of the Vmax values (determined from Figure a) are plotted against 
the reciprocal of the seven respective L (+) -lactate concentrations. 
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Figure 2.4.6.1 :  c1 d1 e and f 

KM VALUES FOR L 1+1 - LACTATE AND NAD+ 

Figure c NAD+ Binding 
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Figure d Lactate Binding 
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The KM values for NAo+ and L (+) · lactate for � lOH were determined in the 
presence of FOP. The reactfon mixture contained in a total volume of 3 cm3: 90 mM 
triethanolamine/HCI buffw, pH 7.9; 1 mM FOP and 0.1 cm3 of dilutad enzyme. The 
NAO+ concentrations were varied as shown in Figure c at four different l (+) • lltCtlte 
concentrations. Figure e (lineweaver-Burk pkJt) is a plot of the reciprocal of the LOH 
activity versus the reciprocal of NAO+ concentrations. Figure d is a •condary plot of 
the data in Figure c, where the reciproc:el of the V max values (determined from Figure c) 
are pk)tted against the reciprocal of the four respective L (+) · lactate concentrations. 
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The KM values fO< NAD+ and L l+l - lactate for�DH are determined in the 
presence of FOP. The reaction mixture contained in the total volume of 3 cml : 90 
mM triethonolamine/HCI buff•. pH 7.9; 1 mM FOP and 0.1 cm3 of diluted enzyme. 
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The L (+) • •cute concentrations are varied 11 shown in Figure e at four different NAO+ 
concentrations. Figure e ( Linew•ver-Burk plot) is a plot of the reciprocal of the LOH 
ac:tlvrty versus the reeiprocel of L (+) • lectate concentration. Figure f is a secondary plot 
of the data in Figure e. where the reciprocal of the Vmax values (determined from Figure 
e) ere plotted against the reciprocal of the four respective NAo+ concentrations. 
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The effect of FDP on the kinetic parameters for lactate and 

NAD+ is similar to the e ffect of FDP on pyruvate reduction , a s  in 

both reaction directions , the presence of FDP ( or an increase of FDP 

concentration) increased the affinity for the respective substro.tes  

and increased V 
max 

The � values for NAD+and L (+ )-lactate in the presence of FDP, 

are very high compared to  the KJv1 vo.lues for pyruvate and NADH at the 

75 · 

same level of FDP. Thus the for NAD+ is 3 4  time s greater than that 

for NADH (!)vi -i. . 1 NAD�, I\}.1 = mM NADH) while the 1).1 for lacto.te is 

__ 7 .... titles that for pyruvnte (KM = 1 30 LlM L ( + ) -lactate ,  KM =  1 mM 
pyruvate ) .  Considering this difference and the fact that lactate 

oxidation has is unlikely that the 

S .  lactis � O LDH catalyses lactate oxidation at any appreciable rate 

in vivo . 
� �-

2 .4 . 6 . 2  The effect of phosp�te on lactate oxidati� 

In view of the fact that lactate oxidation is probably not a 
significant function of the 1 ( + )-LDH of �· lactis in !i!£ an extensive 

comparison of the kinetic behaviour in different buffers has not been 

made . However , the effect of phosphate buffer (KH2PO�NaOH) was 

briefly investigated . 

Figure 2 .4 . 6 . 2 shows the effect of increasing phosphate on lactate 

oxidation activity at 1 0 w� , 1 mM and no FDP . Phosphate clearly 

in.hibits activity in the directicn of lactate oxidation . FDP is shov· '­

to protect against phosphate inhibition as without FDP o. concentration 

of 25 mM KH2Po4 gave 5C% inhibition whereas in 1 0 mM FDP, 1 45 rnl':l 
KH2P04 is required to give 5ry/o illi�ibition. 
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F igure 2.4.6.2 I N H I BITION O F  LACTATE OXI DATI ON BY PHOSPHATE 

0 

1 00 

50 

0�------�-----r------�----�----��----�--���----�-----,----� 

0 40 80 1 20 1 60 

mM PHOSPHATE 

Phosphate inhibition of lactate oxidation was stud ied in 90 mM triethanolamine/HCI 
buffer pH 7 .9 at constant conditions of 1 0  mM NAD+ and 33.3 mM ( L+) - lactate and 
at phosphate concentrations as shown in the above f igure, where LDH activity is plotted 
against phosphate concentration. The phosphate (as K H2 P04) was adj usted to pH 7 .9 
with triethanolamine. The phosphate concentration was varied under three d ifferent con­
ditions: .&. ,  0.0 mM F OP; e, 1 mM FOP; and •. 1 0  mM FOP. Na2S04 replaced 
phosphate at: �. 0.0 mM FOP; and o ,  1 0  mM FOP. 
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2 .4.7 Stopped-flow Analysis of Initial Reaction Rate 

It was observed,  in the course of determinations of steady state 

kinetic parameters , that when the reaction was started by addition of 

enzyme , as  was the standard practice , a lng period often occurred 

before the steady rate of NADH oxidation was attained . This lag 

period was more pronounced at low FDP concentrc.tions ; no lag period 

was observed at saturating , or near saturating concentrations of FDP. 

If the enzyme was pre-incubatcd with low FD:? oonc..:.nJ�:._·a·�:..ons then there 

wc� s no lag period evident when the reaction was init.iated 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 �ore active form of the 

enzyne , then a lag should still bo 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 

due to the very short 
�-..,.,___;;., 

duration conditions . The initial reaction 

rate was therefore observed by use of a stopped-flow apparatus . 

Experiment s were cnrried out using a Durrw:::1-Gibson D1 1 0  stopped­

flow spectrophotometer (Durran InstJ:'Uinent s Corp . , Palto Alt o ,  California , 

U .S  oA . )  and a Hewlett-Packard model 1 41 B storage oscilJ 0scope . Reactic-, '1 

at 25°C were followed by measuring absorbance at 340 nm and 0 so illo q � � �  _ 

traces  were photographed on 35 mm film . 

The data from the oscillos:.:ope trace s (F::.gur, . s  2 .4 ./ .J. t o  · L) we:.. J 

not used to obtain a quantitative measure of the lag period or of the 

steady state reaction rate . An optical cell with an 1 8 mm path length 

was used and when the cell was calibrated with known concentrations of 

NADH or potassiwn dichromate , the absorbance at high concentrations 

was considerably lower than the expected valu:J . At -Ghe concentrations 

of NADH used to saturate the enzyne in the stopped-flow experiments ,  

the absorbance was in the region where the relationship between con­

centration and absorbance was not linear . According to Cook and 

Jankow (1 972 ) �uch a non-linear relationship could be due to stray 

light error which increases as  a function of concentration . Cavalieri 

and Sable ( 1 974) , and Eyzaguirre ( 1 974) have shown how stray light 

interference can lead to seriously erroneous interpretation of kinetic 

data obtained by spectrophotometric procedur8s in solutions of high 

absorbance . Therefore quantitative data obtained from stopped-flow 

expe riments ,  at the high concentrations of NADH used, would be 
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invalidat e d  by stray light e rrors . Howeve r ,  as different patterns of 

tra c e s  were observe d ,  dep ending on the c ombination of the m ixture s 

incubat e d  in the two syring e s , qualitative comparison of the trac e s  can 

be nade vrit hout being invalidate J  by stray light e:c ror . 

Both curve s 1 a nd 2 in phot ogrc.ph A show o. dist inct lug period 

before a constant rat e of oxidnt ion of NADH was observed . In this 

experime nt t he LDH was pln c e d  in ono syringe and the sub st rat e s  ( NADH 

and pyruvat e )  and FDP in the other syringe prior to mixing . Thus the 

react ion wa s start e d  by addition of enzyme to the o·cher c omponent s a s  

in the s t ea dy state kinetic . studie s .  Phot ograph B shows that the same 

lag period was ob served when e nzyme and NADH were in one syr inge and 

pyruvate and FDP in t he other syringe prior t o  mixing . Tho srune tra. c e  

w a s  obta ined if pyruvate a n cl  enzyme were i n  one syringe and NADH and FDP 

were in the other syringe . Phot ographs C and D ( note that the 

oscill o s c op e  is set on different t�1e and ab sorbance scale s in D ) ,  
obtained by incubation of FDP and enzyme in one syringe be fore nixing 

with the sub strates in the other syringe , show that no distinct lag 

phase o c curred be fore a constant rute of oxidat ion of NADH was ob served 

( compare photographs A and B ) . Hence pre-incubation of FDP with enzyme 

abolishe s t he lag period . 

The t rac e s  shown in p hotographs E t o  G were obta.ine d at pH 8 . 2  
instead o f  pH 6 . 9  ( phot ographs A t o  D )  and with a 1 0-fold increase il'l 

the enzyme concentrat ion . The trace shown in photograph E wa s 

obtained when FDP was pre -incubated with enzyme before mixing with the 

sub strat e s  wherea s phot ograph F shows the trace obtained when the 

enzyme was not pre -incuba ted with FDP be fore mixing . The rat e s  

ob serve d in the s e  two cases were very s imilar , and furthermore ,  both 

traces s howed no significant lag pe riod . The l�� k  of a lag period , 

when the e nzyme was not pre -incubat ed wit h FDP at pH 8 . 2 ( photograph F )  

is in ma rke d contra st t o  the r e sult at pH 6 . 9  when a di st inct lng p e riod 

was obtaine d ( photographs A a nd B) . The trace shown in photograph G 

was obtaine d in the a b s ence of FDP in e ither syringe . The r at e  

observed without FDP a ppeared t o  be only slightly le s s  than that 

observe d with FDP pre sent in the c omplete a ss ay mixture . This c on­

trast s t o  t he s ituation at pH 6 . 9 ,  where if FDP was absent from the 

as say mixture no rea ction was observe d us ing the stopped-f'low apparatus . 

Phot ograph H i s  included to show that the react ion rate a t  pH 8 . 2 ,  
when studied using the same enzyme concent ration a s  used a t  pH 6 . 9  
( photographs A t o  D ) , is comparably much slowe r . Therefore the 
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relationship between reaction rate and pH in the presence and absence 

o� FDP, as studied by the stopped-�low apparatus is the same as that 

studied by the ordinary spectrophotometric assay procedure ( see  Section 

2 .4.2 ) . 

The demonstrat ion 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 Tan•y and Kaplan (1 963b ) studying the 

kinetics o� Escherichia � B D (- )-LDH . This enzyme is act ivated 

by its substrate pyruvate  (no activation by ::::::;::�""') , T�:<;y found, usir.g 

a stopped-flow procedure that the lag period was  eliminated only when 

t he enzyme and pyruvate were pre-incubated together . 

The lag period did not appear to  vary as  enzyme concentration was 

changed from 1 .5 �g/cm3 to 1 5  j..l.g/cm3 . This was taken as evidence that 

the la.g period was possibly due to  a confomational change of tho 

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 les s  with a higher enz�ne concentration . However ,  for reasons 

stated earlier , conclusions based on detailed quantitative comparison o :.:· 

the lag period can only be tentative . 

The traces shown in photographs A to H were reprocluc ible in 
all trials carried out using the different incubation combinations . 

At least six trials were done using each type of incubation and all 

trials,  when repeated in a separate experiment two months later , showecl 

the same traces . 



Figure 2 .4.7a 
Stopped-flow analys i��nitial reaction rate 

Pho tographs A ,  · B ,  C and D show osc illo scope traces from st opped-flow 
analys is of the initial react ion rate of oxidat ion of NADH by LDH under 
various conditions . The Y axis repres ents a b sorbance at 340 nm 

( ab sorbance units/divi sion ) and the X axis repre sents t ime ( seconds/ 
division ) .  Content s of syringe A and syringe B were pre incubat ed 
separately at 25°C for at least ten minute s  before stopped-flow mixing 
occurred and the initial react ion rate was phot ographed from the 
o scill o s c ope trace .  The final concentrat ions o f  substrate and modifier 
in the a s say mixture are 8 mM pyruvate , 4 mM FDP and 0 . 2 mM NADH 

buffered in 1 00 mM tris/malea te buffer pH 6 .  9 .  The purified LDH was 
present in t he react ion mixture at a final concentration o f  1 • .5 jJ.g 

protein/cm3 • 

Syringe A Syringe B Y axis X axis 

Photo A 
curve 1 Enzyme 
curve 2 Enzyme 
curve 3 

Photo B 

Pyruvate ,:F'DP , NADH 1 Alf /division 0 . 5 s ec/division 
Pyruvate , FDP ,NADH 1 AD/divi s ion 1 . 0 sec /CI.hrisi.on 

Trace of absorbance aft er react ion completed . 

curve 1 Enzyme ,NADH Pyruvate , FDP /1 AD/divis ion 0 . 5 se c/division 
curve 2 Trace of ab sorbance aft er react ion completed . 

Photo c Enzyme , FDP IPyruvate , HADH 1 1 LU/divis ion I 0 . 5 s e c /division 
i I 0 . 2  AD/divisioJ 20 r.1 Photo D E:1zyme ,FDP I Pyruvate ,NADH se c/diviBion 

� AD = absorbance unit s 
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Figure 2 .4 .  7b 

Stopped-flow analys i� o f  init ial reaction rate 

Conditions a s  for photographs A to D (Figure 2 .4 . 7a ) except t hat 
the reaction mixture was in 1 00 mM tris/maleate buffer pH 8 . 2 . The 
purified LDH wa s pres ent in the reaction mixture at a f inal concentra ­
tion of 1 5  �g prote in/cm3 for phot ographs E ,  F and G and 1 . 5 �g protein/ 
cm3 for photograph H .  

S�rint;ie A S.zrintje B Y axis X axis 

Photo E Enzyme ,FDP NADH , Pyruvate 1 AU/clivis ion 0 . 2  sec/d ivi sion · 

� 
se c/division Photo F Enzyme i NADH , Fyruvate ,FDP

I
1 AD/division 0 .2 

Photo G 

I . I curve Enzyme 1 NADH , Pyruvo.te :1 AD/division 0 . 2  s e c/division 
curve 2 Trace of abs ortance aft e r  react ion completed . 

Photo H Enzyme ll'JADH , Pyruvate , FDP 1 .1 AD/division l 0 . 5 s e c/divis ion 
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2 .4 .8  Effect of Inhibitors 

The e ffe ct s of inhibitors on streptoco ccal 1DH activity have not 

been extensively studied.  Brown and Wittenberger (1 972 ) studied the 

:lffects of the pyruvate are.logue s <-ketobutyrate and OXf . •  mate on the 

S .  mutans NCTC 1 ()4.49 1DH , (which shows u sigmoidfl.l response to pyruvate ) . 

They found that .>�,-ketobutyrate stimulat ed 1DH activity at limiting 

pyruvate concentrat ions and shifted the pyruvate saturut ion curve frOLl 

s igmoidal to hyperbolic . Oxamate , on the ot�1e:r· ' :'l�id , inhibited the 

enyzme a ctivity at all pyruvate  concentrationn ar..d 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  effectiV-q in 

inhibiting 1DH activity. Jonas et al . ( 1 972 ) showed thnt ATP 

inhibition of the _§ . cremo1:_:.��� 1DH activity wa s competitive with rospec � 

to  NADH . 

A more detailed study on the effects of  inhibitors on §_. l�c;�� �. 

c1 0 1 ( + )-1DH wa s carried out to provide a further busis for comparinon 

with other streptoco ccul 1DH' s .  Also some o f  the inhibitors such u s  
ATP could be of significance in the � vi� regulation of 1DH . 

The pyruvate analogues , oxD.JiKl.te ,  . · -ketogluturate ,  . • . ketoEc.lone.to 

and ;..c'-ketobutyrate were first tested under standard assay conditions fo . .  ' 

the ir ability to act a s  alternat..;_ve substrate s  t o  ryruvate for NADH 
oxidation . Only · :-ketobu-�yrate served as a substrate (Figure 2 .4 .8 .1 a )  

with a J<M value of 1 8 .  7 mM ,  which is over ten t ine s  higher th£'.n that fo�:' 

pyruvate ( 1 .4 mM) . The V (500 un�_ts/cm
3 ) obtained with 

mo.x 
. .  :-keto butyrate wus four times lower than that fer pyruvu te ( 2000 units/ cm_:; ) .  

The inhi.H ·�j "'- � of pyruvate reduction ' :1. :.; e::�.:· · ·:..:1 ut several 

different inhibi·cor concentrations and under standard conditions of 

90 mM tris/maleate buffer ,  pH 6 . 9 , 1 �� FDP and 0 .1 67 mM NADH. The 

product s of pyruvate reduct ion,  NAD+ and 1 ( + )-lactate , were also tested 

for their ability to act as inhibitors . inhibit ion by 

1( + ) -lactate ( at concentrat ions of 33 .33 , 66 . 67 and 1 00 mM) was 

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

hibition. The results for the other inhibitors are summarized in 

Figure s 2 .4 . 8 .1 b ,  c ,  d and e . 

NAJt showed non-com�8ti +.-!.'re inhibition ' i �.th re spect to pyruvate 

with a IS: value of 2 .1 mM (Figure 2 .4 . 8 .1 b ) . /,-kctanalonate 



inhibition was also non-competitive but with a higher KT value of 

9 . 5  mM ( Figure 2 .4 .8 .1 d ) . '?(-ketoglutarate (Figure 2 .4 . 8 . 1 c )  

showed competitive inhibition with respect t o  pyruvate with a KT value 

of 3 .0 mM .  Oxamate (Figure 2 .4 . 8 . 1 e )  was also a competitive inhibitor 

of pyrU)Gate reduction, with n JS: vnlue of 0. 65 mM, which is nbout half 

of the KM value for pyruvate ( 1 .4 nu'l! ) .  The enzyme thus shows a very 

high affinity for oxama te ·. 

Inhibition with NADH as the varied substrate 

The adenine mono , di and trinucleotides may play a part in 

regulntion 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 , 
+ 1 0 mM pyruvate and G .  5 mM I•'DP by varying the NADH concentro. t ion , NAD 

inhibition was a lso studied under the same conditions . 'rhe re sults arG 

summarized in Figure s 2 .4 . 0 . 2 a ,  b ,  c and d. ATP and ADP were both 

competitive with respect to NADH and had the same KJ value of 2 .4 mM 
( Figures 2 .4 . 8 . 2a and b ) .  Al1P (Figure 2 .4.8 . 2 c )  at concentrntions of 

1 0  and 20 rnM showed an unusual effect . Although inhibiting over the 

range of NADH concentrations used, the Lineweaver-Burk plots apparently 

extrapolated ( if a straight line fit is assumed)  to give a V con-max 
gidGr�:tbly higher than in the absence of AiiiP.  Figure 2 .4 .8 . 2d shows 

that NAD+ is a competitive i..nhibitor of NADH oxidation with a Y� value 

of 2 .0 mM .  

A s  ment ioned in results in enrlier sections , phosphate buffer 

effects the FDP requirement o.nd the binding of NADH and pyruvate when 

compared to  the same parc.meters determined in tris/rat:.leate c:.nd triethan­

olamine/HCl buffer .  Therefore phosphate inhibit ion of  ..r,>yruvc:.t e reductio:l 

was studied in 90 mM tris/mnleate buffer pH 6 . 9  nt constant conditions of 

1 0  mM pyruvate ,  0. 1 67 mM NADH and 1 .0 rnM FDP,  by varying the phosphate 

concentration . Figure 2 .4 . 8 . 3a is a plot of percentage of activity verzus 

phosphate concentration and shows the sigmoidal nature of phosphate 

inhibition. A control in which Na2so4 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 0.5V value (phosphate concentration giving 

5o% inhibition) of 50 m1f . The Hill interaction coefficient value 

( �) of minus 2 . 5  indicates  that a high degree of interaction is 

o ccurring between phosp��te �inding sites .  From the effect of 
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Figure 2.4.8. 1: a, b, c and d 

INHIBITION WITH PYRUVATE AS THE VARIED SUBSTRATE AND a-KETOBUTVRATE AS A SUBSTRATE 

Figure a a -Ketobmyr.te as a Substrata 
0.008 ...,.. __ .....;; ____ .....;; ____________ .., 

0.004 

0.0 

0.004 

0.002 

KM • 18.7 mM a -kotobutyrate 

0 0.4 0.8 1.2 

1/ a ·Ketobutyrate (mM·1 ) 

Figure a is a double reciprocal plot of LDH activity versus a -katobutyrate concentrat­
ion. The reaction mixture contain.:l: 90 mM tris/ma5eete buffer pH 6.9; 1 mM FOP; 
0.1617 mM NADH; 0.1 cm3 of diluted enzyme and a -ketobutyrate concentrations as 
indicated in Figure a. 

Figure b NAD+ Inhibition 

K1 • 2.1 mM NAD+ 

0.0 -+---.,---,..---,--..,..---r---.,-----' 
0 0.4 0.8 1.2 

1/PyruvatB (mM·1 ) 

Figure b shows the inhibition effect of NAD+ on pyruvate binding. The reciprocal of 
LDH activity is plotted against the reciprocal of pyrUYite concentration for each NAD+ 
concentration: e. 0.0 mM NAD+; • · 1.0 mM NAD+, • . 2.0 mM NAO+; 0, 6.0 
mM NAD+. The reaction mixture contained: 90 mM trit/maleate buff« pH 6.0; 1 mM 
FOP; 0.167 mM NADH; 0.1 cm3 of diluted enzyme and pyruvate concentrations as 
indicated in Ftgure b. 

Ftgure c a -Ketoglutarate lnhibitton 
0.004 ...,. _______ ,;,_ ____________ ....; ..... 

K1 • 3.0 mM a-«etoglutarate 

l 0.002 
� 
� 

1 
] 
� 

0.0 

0.004 

0.002 

0.4 0.8 1.2 

1/PyruvatB (mM·1 ) 

figure c shows the inhibition effect of a -ketoglutantlt on pyruvate binding. The 
recip-ocal of LOH activity is plotted against the reciprocel of pyruvate concentration for 
each a-ketoglutw.18 ( a-kg) concentration: a, 0.0 mM a -kg; •· 5 mM a -kg; •· 
10 mM a -kg. The �on mixture amtllin.:i: 90 mM tris/maleete buffer pH 6.9; 1 
mM FOP; 0.187 mM NADH; 0.1 cm3 of diluted enzyme and pyruvate concentrations as 
indicated in Figure c. 

Figure d a-Ketomaton1te Inhibition 

Kt • 9.5 mM a -ketomalonate 

0.0 -+--..,..--"'1'"'--"1"""--"1"""--"1"""--r---r--_... 
0 0.4 0.8 1.2 

1/Pyruvate (mM·1 ) 

Ftgure d shows the inhibition effect of a «etomatonate on pyruvate binding. The recip­
rocal of LDH activity is plotted against the reciprocel of pyruvate concentration for eech 

o •etomatonate ( o •m) concentration: e, 0.0 mM a -km; •, 10 mM a -km; • , 
20 mM a-km. The reaction mixture contained: 90 mM tris/maleate buffer pH 6.9; 1 
mM FOP; 0.167 mM NADH; 0.1 cm3 of diluted enzyme and pyruvate concentrations 
as indicated in Ftgure d. 

� 



Figure 2.4.8.1 e 

I N HI B ITION W ITH PYR UVAT E AS THE VAR I ED SUBSTRATE 

8 

M 0 ... 
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9';' 6 
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E 
u -., .... ·c: 4 :I 

> -... 
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0 0.4 0.6 0.8 1 . 2 1 . 6  

1/PYRUVATE (mM-1 ) 

K 1 = 0.65 m M  Oxamate 

I n  the above figure inhibition of pyruvate reduction by d ifferent 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 NAD H .  
The pyruvate concentrations were var ied a s  shown in the figure. The oxamate concentrat­
ions present are: • ,  1 0  mM, • ,  5.0 mM; .&, 1 .0 mM; and 0.0 m M  oxamate; 0, 
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Figure 2.4.8.2: a, b, c and d 

INHIBITION WITH NAOH AS THE VARIED SUBSTRATE 

Figu•e a ATP INHIBITION 

mM ATP 

10.0 M 6 � 
� 

7.0 .,. 
M 

5.5 � 
! 

4.0 � 
1.5 

0.0 
0 

10  20 30 

1/NADH (mM·1 ) 

K1 • 2.4 mM ATP 

K1 • 2.4 mM ADP 

Figure b ADP INHIBITION 

mM ADP 
• 

10.0 

6.0 

4.0 

0.0 

10 20 30 0 

1/NADH (mM·1 ) 

K1 • 2.0 mM NAD+ 

The inhibit<>t"s of �LDH (ATP, ADP, AMP end NAD+J w•o nudiod w�h NADH as 
the vpied substrate and the kinetic data obtained are pkltted as doub� reciprocal plots 
shown in figures a, b, c and d. The reaction mixture for Figures a, b, c and d contained: 
90 mM tris/maleate buffer pH 6.9; 1 mM FOP; 10 mM Pyruvate; 0.1 cm3 of diluted 
enzyme, and NADH concentrations as indicated in the Figures. The inhibitor concentrat­
ions present in the react�n mixture are shown in the respective Figures. 

Figure c AMP INHIBITION 

mM AMP 
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Figure d NAD+ INHIBITION 
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Figure 2.4.8.3: a and b 
I N H IBITION O F  PYR UVATE R E DUCTION BY PHOSPHATE 

1 00 ...... �-------------, 3.0 ,__. __ ...,.. _____________ """ 

Figure a 

> . - . 
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0 �------�----�----��----�----� 

0 40 80 1 20 1 60 

mM PHOSPHATE 

Phosphate inhibition of pyruvate reduction was stud ied in 90 mM tris/maleate buffer pH 
6.9 at constant cond itions of 10 mM pyruvate, 0.167 mM NADH, 1 .0 mM FOP and at 
phosphate concentrations as shown in the above figures. The phosphate (as K H2 P04) 

F igure b Hi l l  Plot 

1 .0 

=!"' 0.5 
)( ea 
E 

> -> 

0. 1 

was adjusted to pH 6.9 with the tris/maleate buffer components. F igure a is a plot of 0.04 1 1 1 1 1 1 1 1 1 '1 a r 
% LDH activity versus phosphate concentration, where 1 00% LDH activity is the activity 
found in the absence of phosphate. F igure b is a Hi l l  plot of the data of F igure a, where 20 
log v/Vmax-v is plotted agai nst log phosphate concentration. 

1 00 300 
mM PHOSPHATE 

CXl -..J 
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phosphate on lactate oxidation ( 2 .l� . 6 . 2 )  it might be expected t��t 

increasing the amount of FDP would increase the I 0•5v value and this 

is supported from the pH opUlllW11 studies ( 2 .4 . 2 )  where activity in 

90 mM phosphate buffer at 1 0  mM FDP was the same as activity in 90 m�� 

tris/maleatB buffer at 1 mJv1 FDP. 

2 .4 . 8 .4 Effect of ox9.ma��osphate  buffer 

Prior to the development of the affinity chromatography procedure 

in which oxamate  WCL S used as an LDH binding g:;:o-.·.) , C':Y:�coat o  wt:.. s tested 

for inhibition of L(+ )-LDH in phosphate buffer pH 6 . 9 .  Assays were 

carried out in 90 mH phosphate buffer pH 6 . 9 ,  with 5 .0 mM FDP. In 

Figure 2 .4 .8 .4a it can be s een that at low pyruvate concentrations the 

activity is c onsiderably higher with 1 mM oxamate present , than without 

oxamate .  Increasing the ph9.sphate concentration t o  1 80 mM in the a ssays 

further increased the activation by oxarnate at low pyruvate concentrations 

as shown in Figure 2 .4 .8 .4b . Even at 5 and 1 0 mM oxamate in 1 80 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 increase s the apparent affinity for pyruvat e  Cl1,l = 

5 .7 mM pyruvate in the absence of oxarnate ,  I� = 1 . 0  mM pyruvate in the 

presence of 1 . 0  mM oxamate ) .  

The peculiar effects  of oxamate in phosphate buffer are differen·� 

frol!l the effect s of  oxamate  in tris/maleate buffer .  ·In tris/rn.aleate 

buffer oxamate was a s imple conpetit ive inhibitor with a high affini ,y 

for the enz�e (KT value of 0 . 65 mM oxamate ) .  �'he node of  action of  

oxamate activation in phosphate buffer is unclear . It is possible that 

oxamate is binding at a s ite , other than the pyr�vate catalytic sit e ,  

which i s  made available when phosphate i s  pr.: <:1 ::  n :; , and activating the 

enzyme in perhaps an allosteric •.vay, similar to lo J.J? . Brown and 

Wittenberger (1 972 ) showed for .�·  .!,llUtans NCTC 1 0449 ,  that the LDH had 

at least two pyruvate binding sites . The presence o f  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 stimuJ �> -tcd 

enzyme activity at limiting pyruvate concentrations . This work was done 

in pho sphate buffer .  The effect of :/-ketobutyrate on the S .  �� 

enzyme is thus similar to the effect o f  oxamate on the S .  lactis C 0 LDH . - 1 
However there is  no evidence for a second pyruvate binding site on the 

S o  lactis LDH ( see  Section 2.4.4) comparable to  that found in the 

�· mutans NCTC 1 0449 enzyme . 
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Figure 2.4.8.4: a, b and c 

PYRUVATE BINDING: EFF ECT OF OXAMATE IN PHOSPHATE BUFFER 

figure a 90 mM Phosphate 
Figure b 180 mM Phosphate 
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400 
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>-.... > 
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10 
10 20 70 

mM Pyruvate 

The effect of oxamate on pyruvate binding was studied at two phosphate buffer concen· 
trations. In F igure a the phosphate buffer concentration was 90 mM. In Figure b 180 
mM phosphate buffer was present in the reaction mixture. The reaction miJCture con· 
tained (in a total volume of 3 cm3): phosphate buffer pH 6.9; 5.0 mM FOP; 0.167 
mM NAOH and 0.1 cm3 of diluted enzyme. The pyruvate concentration was varied as 
shown in the Figures. Both Figures a and b are plots of LDH activity versus pyruvate 
concentration at different oxamate concentrations: e ,  no oxamate; • , 1 mM Oxamate; 

• ,  5 mM Oxamate; 0, 10 mM Oxamate. 

Figure c Double Reciprocal Plot 180 mM Phosphate. 

0.5 1.0 1.5 2.0 

1/Pyruvate (mM-1) 

mM Pyruvate 

Figure c shows double reciprocal plots of the data from Figure b: From extrapolation .of 
the plots: the KM for pyruvate in the absence of Oxamate ( • )  ts 5.7 mM pyruvate; 1n 
the presence of 1 mM Oxamate t • ) , the apparant KM • 1.0 mM pyruvate; and in the 
presence of 5.0 mM Oxamate ( • ) , the apparant KM = 2.4 mM pyruvate. 
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2 .4 . 9  Factors Affecting the Stability of the �· lactis C� O  LDH at 55°C .  

Major differences have been reported in thermal stability between 
the LDH ' s  from different streptococcal specie s .  Wittenberger and 
Angelo (1 970) showed that FDP increased the rate of inactivation of the 
LDH from S .  faecalis while the LDH ' s from S .  cremoris (Jonas £! �. , 
1 972 ) and �· mutans ( Brown and Wittenberger , 1 972 ) are protected by FDP 
against heat inactivation . The effect of various factors on the 
lability of the S .  lactis C 0 1DH was therefore '" �l�c�ied at 55°C using 

� ��� 1 
the method described in Section 2 . 2 . 9 . 

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 1DH more e ffectively than the 
same concentration of tris/maleate buffer,  but the converse o ccurs at 
0 .05 M and 0 .02 M. In both buffers a decrease in molarity decreases 
the stability of 1 (+ )-1DH . 

The effect of pH on stability of 1DH in 0.1 M tris/oaleate and in 
0.1 M phosphate buffer is shown in Figure 2 .4 . 9b .  In both buffers , 
increasing the pH decreases the stability of the 1DH 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 buf'fer .  

Jonas et �! · ( 1 972 ) showed that the �· cremoris 1DH, like the 
£.  lactis enzyme , was more heat stable in phosphate buffer and that the 
higher the molarity of phosphate buffer the more stable the enzyrae . 
However phosphate buffer wfl.s more effective than triethanolamine/HCl 
buffer in stabilizing the enzyme over the whole pH range ilnd not just at 
pH values less  than 7 . 0  as is found for the S .  lactis C 0 1DH . 

� 1 
Figure 2 .4 . 9c shows the effect of FDP in stabilizing the 1DH in 

0 .1 M tris/maleate and 0 .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, a s  the 1DH 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 relative 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  1 (+ )-LDH in 0.1 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 stabilize s  the enzyne 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. 

FACTORS AFFECTING THE STABILITY OF LOH AT 55oc 

The effects of ionic strength, pH, FOP, NADH and oxamate on LOH stability at ssoc, as 
shown in Figures a, b, c and d were studied in two buffers, using the method described 
in Section 2.2.9. 

Figure a 

100 

80 " z z ;;: :; 60 w a: 
> .... > >= u 40 
..: 
:r 0 ... .. 20 

0 

0 5 10 15  20 25 

TIME OF INCUBATION (minutes) 

Figure a Effect of ionic nrenath on LOH stability in tris/maleate and phosphate buffers, 
2!::!...1.£. Ionic strengths of phosphate buffer: • , 0.1 M; & , 0.05 M; and e, 0.02 M. 
tonic strengths of tris/maleate buffer: 0 ,  0.1 M; LJ. .  0.05 M; ando. 0.02 M. 

Figure c 
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� rutn_of FOP on LDH stabj!ity jn 0 1 M tris/malgate and 0 1 M ohosobate 
buffer oH 7 5. 
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Figure b 
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� Effect of oH on LOH stability jn 0 1 M trjs/maleate and in 0 1 M phosphate 
� pHs of phosphate buffer: • • pH ·6.0; & , pH 7 .0; e. pH 7 .5; and .-, pH 
B.O. pHs of tris/maleate buffer: D ,  pH 5.5; 6 ,  pH 6.5; O. pH 7.0; and V ,  pH 7 .5. 

Figure d 
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f..ir&l!.t..sl Efftct of FOP NAQH and Oxamate on LOH rtfbj!itv jn 0 1 M tds/ma!fJIIle pH 
B..Q.. Treatments are: •, 12 mM FOP + 12 mM Oxamate; e. 12 mM + 
1 mM NAOH; 4, 12 mM FOP; /l, 1 mM NAOH + 12 mM Oxamate; o, 1 mM NAOH; 

0 ,  12 mM Oxamate; and v. no factors present. 
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Figure 2.4.9: e and f 
FACTORS A F F ECT I NG TH E STABI L ITY O F  T H E  LOH AT 55°C 

The effects of NAOH, oxamate, pyruvate, and FOP on LOH stabi l ity at 55°C, as shown 
in F igures e and f were stud ied in two buffers, using the method described in Section 2.2.9. 
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F igure e Effect of FOP. NAOH. Pyruvate and Oxamate on 
LOH stabil ity in 0.1 M phosphate buffer pH 7 .5. Treatments are : 

.A., 1 .0mM NAOH + 24 mM Oxamate; e, 24 mM Oxamate; 
•· 24 m M  FOP:  o, 1 2  mM FOP: Q ,  1 .0 mM NAO H :  
and 1::. , 1 2  m M  pyruvate or no pyruvate. 
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F igure f Effect of FOP. NAOH. Pyruvate and Oxamate on 
LOH stability in 0. 1 M tris/maleate buffer pH 7 .5. Treatments are: 

A, 1 .0 mM NAOH + 24mM Oxamate; e, 24 mM Oxamate; 
a 1 2  mM FOP; o ,  1 mM NAO H :  
and o ,  1 2  m M  pyruvate or no pyruvate. 
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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 additive s on the stability 
properties of the LDH in phosphate and in tris/maleate buffer using a 

93 . 

pH of 7 . 5  (Figures 2 .4 . 9  e and f )  revealed SOQG s ignificant difference s  
between the two buffer systems . In tris/oaleate buffer , NADH plus 
oxamate , oxamate alone or FDP all had a siQilar effect in that they all 
significantly stabilized LDH . In phosphate buffer, NADH plus oxamate 
stabilized the 1(+)-LDH completely while oxaP.a"L G alc-...,e .stabilize s the LDH 
to a significantly le sser extent and FDP alone stabilizes  the LDH to a 
lower extent still . NADH alone , in both buffers , stabilized the LDH to  
only a SQall extent while pyruvate did not increase the stability in 
either of  the buffers . 

When a coQparison is made between stability of LDH in 0 .1 M tris/ 
maleate 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 oxa.mate at pH 8 . 0  

gives hardly any stabilization of LDH whereas a t  pH 7 . 5  oxamate i s  very 
effective at stabilizing the enzyme . 

The stabilization by FDP and phosphate on �·  1£cti� c1 0 
LDH is 

similar to that found for the £• cromoris LDH ( Jonas et �1 . , 1 972 ) and 
the enzyme from both of  these streptococci differs froo that of S .  faecal:Ls 
(Wittenberger and Angelo , 1 9(0 ) in that FDP and relatively high concen­
trations of phosphate buffer ( 200 to 600 rnlJ ) rendered the �· fae�plis 
enzyme heat labile . Oxamate ei-vher alone or with �'ffi.DH gave excellent 
protection of the .§_ .  �,:!;.1!?. LDH at pH 7 . 5 .  Thj_s is different from the 
situation in S .  �c:a�is (Vlittenberc;er and Angelo , ·1 970 ) where oxamate 
with or without NADH a�forded the enzyme no greater protection than did 
the coenzyme alone . P-Jruvate exerted no protect:i.ve effect for either 
S .  lactis or S .  c:;.'Gm0:.':i s . 

� �-� � 

The protective effect , on heat stability of £. Jacti� c
1 0  

LDH, by 
FDP, NADH and oxamate and combinations of the three could not be 
ascribed to increasing ionic strength alone , because Na2so4 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 £. �i� 

C O LDH . -1 -

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 � O 
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  r'"l FDP in 5'0 mlvl tris/ 
maleate buffer pH 6 . 9 and 0 .0022 m11J FDP in triethanolamine/HCl buffer 
pH 6 . 9 .  The high M 0 .5V value reported by Brown and Wittenberger (1 972 ) 
for the FDP activation of the S .  mutans 1 0449 LDH might be due to the use 
of phosphate buffer in kinetic studie s .  However Wittenberger and Angelo 
(1 970 ) found that the _§ . faecnlis r.DH had a low M O .SV value (0 .45 mM 

FDP) in 1 00 mM phosphate buffer. In an attempt t o  reconcile the widely 
differing M 0 •5V values reported in the literature it wns considered 
desirable to carry out a limited amount of comparative work on the LDH 
of S .  faecalis since the low M O .SV value in phosphate buffer suggests 
that this enzyme might be relatively insensitive to phosphate inhibition 
in c ontrast to the situation found in S .  lactis . 

In the course of investigating the FDP activation of the �·  ���i� 
LDH in different buffers ,  the effect of Mn++ ions on the re sponse to FDP 
was investigated and yielded some interesting results . The possibility 
that Mn ++ ions might have some efi'ect on the activity of §.. faecalis LLI 
was suggested by the work of London � �· on the close similarity between 
certain enzymes of �· faecal�. and lactobacil�us ��i . The particular 
enzymes studied by London and eo-workers were un inducible nalic enzyme 
(London et �· , 1 970 and 1 971 )  . and the FDP-aldolase (London and Kline , 
1 973 ) .  Immunological methods showed a high degree of homology between 
the corresponding enzymes in the two - specie s .  Since the LDH of L. casei 
is unusual among Lactobacill�� specie s  in being activated by FDP, it 
seemed possible that the close similarity of enzymes between §_. faecalis 
and L .  casei might extend to the LDH as well . The LDH of ,!! • �� 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 �1 . ,  1 970; 
Holland and Pritchard, 1 975 ) .  Accordingly the possible influence of 

++ Mn on the S .  faecalis LDH and subsequently on the S .  lactis LDH was 
investigated. 
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2 . 5 . 2  Partial Purification of LDH from �· faecali s  ATCC 8043 . 

§.• faecalis AT CC 804-3 was obtained from the Microbiology Department , 

Massey University, and grown in a medium of 30 g Tryptone , 1 0  g Yeast 

extract , 1 5 g glucose , 2 g beef extract and 5 g KH2Po4 made up in one 

litre of distilled water.  Glucose was autoclaved separately .  The 

culture was grown L� 600 cm3 of medium at 30°C in a one litre flask 

without additional aeration. After 1 8-;. hours the cells were harvested 

by centrifugation at 5 , 500 g for 1 5  minutes at 0° \: and washed three tille s 

in 0 .005 M phosphate buffer pH 7 . 0  containing 1 %  NaCl .  The washed cells 

were then suspended in 0 . �  M phosphate buffer pH 7 . 0  and disrupted by 

three passages through an Aminco French pressure cell at 5 ,500 lbs per 2 
in . 

Cell debris was centrifuged down at 1 3 ,000 g for 1 5 minute s  and the cell­

free extract was then dialysed against 0 . � M phosphate buffer pH 7 . 0  for 

1 5  hours . Nucleic acid was then precipitated from solution by dropwise 

addition of streptomycin sulpb�te using 1 . 75 cm3 of a 1 o%  (w/v ) solution 

for every 1 00 mg protein .  'l'he resulting suspension was allowed t o  stand 

for 4- hours and the precipitate was removed by centrifugation at 1 3 ,000 g 

for 1 5  minute s . The streptomycin sulphate supernatant was dialysed 

against 0 .01 M phosphate buffer pH 7 . 0  for 1 5 hours before solid powdered 

ammonium sulphate was added to bring the solution to 5o% saturation . 

After leaving for half an hour the precipitate was removed by centrifuga­

tion at 1 3 , 000 g for 1 5  minutes and then the concentration of annonium 

sulphate vms increased to 7cfo sat·1ration .  Afte:::- 3 hours the precipitc �e 

was collected by centrifugation at � 3 ,000 g for 1 5 minutes ,  redissolved in 

0 . 01  M phosphate buffer pH 7 . 0  and then dialysed against the same buffer 

for 24 hours . 

The partial purification of the £· faecali� LDH is sUIDI!larized in 

Table 2 .5 . 2 .  �he 50-7� ammonium sulphate dialysed �H sample , with 

a specific activity of 52 . 0 units/mg , was used in the kinetic studies 

described in the following sections . 
\ 
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Table 2 . 5 . 2 
S��£Y of LDH preparation 

Protein Activity . Total SpecifiL; 
Activity Activity 

� ( mg/cm3 ) ( units/cm3) ( units ) ( units/mg) 

i I 
Cell free extract I 1 1  . o  273 2480 24.8  

' 

Dialysed Streptomycin sulphate ·· 1 
1 

supernatant 6 . 5  220 2660 33 . 9  

Dialysed, redissolved 50-72/u 
(NH4)2so4 precipitate 6 . 0  31 4 1 820 52 . 0 

- .,...,� '*" · 

Protein vms determined by the method of  Lowry et al . ( 1 951 ) • 

The S .  faecalis LDH activity was assayed under the same conditions and 
expressed in the same unit s used for the � ·  1�ctis � O  LDH as  described 
in Section 2 . 2 . 3 . 

2 . 5 .3 .1 FDP activation of tho S .  faecalis LDH in relation to buffer 
--�------�----------�- �-����--- �--�·�--���----� 

The effect of varying FDP concentration on the £· 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 
MnC12 • 

In Figure 2 . 5 .3 .1 a ,  plots A and B show the activation effect of 
FDP on �· fa�cali� LDH activity in 90 m11 tris/maleate and 90 �� phosphate 
buffers , pH 6 .9 at 1 0  mM pyruvate and 0 .1 67 mM NADH . The activity in 

phosphate buffer is higher for all concentrations of FDP than the 
corresponding activity in tris/maleate buffer . This is in direct 
contrast to the findings for £ • �ctis � O LDH where activity is 
inhibited  to  a significant excent in phosphate buffer compared to  tris/ 
maleate buffer . The same data of plots A and B in Figure 2 . 5 .3 .1 a  
are plotted as the Hill plots in Figure 2 .5 .3 .1 b .  In tris/maleate 
buffer the M 0 •5V value is 0. 01 mM FDP and the Hill interaction 
coefficient (�) is 1 . 7 compared to a M 0 . 5V value of 0.008 mM FDP 
and a � value of 1 .5 for phosphate  buffer .  In both buffers no 
activity was detected in the absence of FDP. 
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Figure 2.5.3.1 :  a and b 

EFFECT OF VARYING FOP CONCENTRATION ON ACTIVITY OF � LOH 
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Figure b Hill ploU 
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The effect of varying FOP concentration on the� LOH activity was studied in 
Ill trio/maleate buffer ( A )  and in (11) phosphate buffer ( B) .  The FOP concentration waf 
also varied in tris/maleate buffer with 1 mM MnCI2 present ( C ) (.t.). 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 enzyme. The FOP concentration was varied as 
shown in the Ftgures. Figure a shows ptots of LOH activity versus FOP concentration in 
three different conditions. Figure b shows Hill plots of the data from Ftgure a, but does 
not include the data obtained with 1 mM MnCI2 present. 
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Figure 2.5.3.2: a and b pH OPT I MUM OF S. faecal is LO H 
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The pH optimum for S. faeca!js LO H was determined in a reaction mixture containing ( in  
a total volume of 3 cm3) :  90 m M  tris/maleate buffer (pH varied as indicated i n  f igures) : 
1 0  m M  pyruvate; 0. 1 67 mM NAOH and 0.1 cm3 of d i luted enzyme. F igure a shows the 
pH optimum determined in the presence of two FOP concentrations: e ,  1 .0 mM; • ,  
0.2 mM FOP. F igure b shows the pH optimum determined without FOP present, but 
with two MnCI2 concentrations present: e , 1 0  m M  MnC!2; • , 1 .0 mM MnCI2. 
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Plot C of Figure 2 . 5 . 3 .1 a shows that the presence of 1 m.."Yi 
MnC12 in tris/maleate buffer enhances the activation effect of FDP. 

++ The same enhancement by Mn occurred in phosphate buffer ;  with 

0 . 0075 m1'1 FDP activity was doubled by addition of 1 mM MnC12 • 

99 · 

However the Mn++ effect in phosphate buffer was not studied in detail 

because precipitation of manganese phosphate readily occurs and inter-
fere s with the assay. The activation of §_. faecalis LDH by M...-/+ 
has not been reported before so a further brief investigation was 

carried out . 

2 . 5 .3 . 2 Effect of 11m++ on activity and pH optimum of .§.. faecal�s LDH 

Although no �· faecali� LDH activity was detectable in the 

absence of FDP using the standard assay system, the enzyme was active 

++ in the absence of FDP if Mn was pre sent . 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, Mn++ . 

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 :!: 0.1 • This pH optimum is 

different from the value of pH 6 . 9 for the �· lactis LDH (Section 2 .4 . 2 ) . 
In 90 �d tris/maleate buffer in the absence of FDP, but with 

MnC12 present at a concentration of 1 0  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 mM MnC12 , the pH profile appears to be less broad 

with an optimum value of pH 6 . 2 .  

2 .5.3.3 Effect of  varYing 1tn++ concentration on the activit� 

S .  faecalis LDH 

MnC12 concentration was varied in 90 mM tris/maleate buffer pH 6 . 2 ,  

1 0 mM pyruvate and 0.1 67 mM NADH in the absence of FDP. Figure 2 .5 . 3 . 3a ,  

a plot of activity versus MnC12 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  Mn++ a 
Hill interaction coefficient (�) of 2 .4 is obtained indicating inter­

action between Mn++ binding sites . It is interesting to note that the 

� value for Mn++ is greater than that obtained for FDP (1 . 5  to 1 . 7 ) . 
The amount of MnC12 required to give half maximum activity (MnC12 0•5V) 

is 1 .3  mM MnC12 • The affinity for FDP in similar conditions is much 
higher ( 0.01 mM FDP) . MASS[ ' U��!VE SITY 

liBRARY 
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1 00 



2 . S .4 Response of S .  lactis C 0 LDH to  Mn
++ . . . 1 

1 01'.  

In view o f  :MnC12 activat ion of the 2.· faecali� LDH , the effect of 

MnC12 on activity of the purified L (+ )-LDH from S .  la c t is C 0 was 
- � 1 

inv e st igated . Us ing standard a s say condit i ons of 1 0 mM pyruvat e  and 

0 .1 67 mM NA.DH and with eitht:r 90 mM tri s/mo.leate or triethanolamine/HCl 

buffer pH 6 . 9  or pH 6 . 2 ,  the Idn ++ concentration wa s varied in the pre senc e 

of 0 .1 , 1 . 0  and 1 0 .0 mM FDP . The MnC12 c oncentrat ion was &.lso varied in 
the absence of FDP unde r otherwi se standard a s say conditions . 

llider none o f  the above conditions could it be der:10nstrated that 

MnCl2 affected the 2. ·  lactis c1 0 LDH a ct ivity in any way . 

2 .5.5 Discussion of Data obta ined from the Brief Study of the 

.§.. faecalis LDH. 

The study on the �· fae calis LDH ha s shown that at least one 

streptococcal LDH is not inhibited by pho sphat e .  In fact , the 

£ •  fae calis LDH appeared to have slightly greater a c t ivity in phosphate 

buffer compared t o  the act ivity in t r is/ma leate buffer .  Thus f ·  faeca�i� 

and S .  lactis appear to differ markedly in their sens it iv ity to phosphate .  

This ra ises the p o s s ibility that pho sphate inhibition has a phys iological. 

role in controlling the LDH of §..  �' but no t the lJ)H of S • .  faecp_l_i� .  

Another ma j or diffe rence betwe en the LDH ' s o f  S .  �iis. and of 
+ +  

S .  fae calis i s  i n  the response t c  Mn • w11ere a s  this cation has no 

effect on the LDH of Q. lact i s ,  it apparently activat e s  the � · �ecal�s 

LDH e ither in the pre sence or a b s ence of FDP . Insufficient data have 

been obtained to  discuss the mo chanism of Mn ++ activat ion and its 

relationship to  that of FDP. The Mn
++ 

a ctivation of the §_. fa e ca lis 

enzyme indicat e s  another po int of s imilarity to the � .  cc..sei I..DH in 

addition to the FDP activat ion . Howeve r  the LDH' s 0f the two species  

differ in at  least two main feature s : 

(1 ) Mn
++ 

activation of the �·  casei enzyme only occurs in the 

presence of FDP ( de Vries � �. , 1 970) . Mn
++ 

merely enhance s  

the binding o f  FDP over a restricted pH range (Holland and 

Pritchard, 1 975 ) .  

(2 ) Phosphate inhibits the �· casei LDH even more strongly 

than the S .  lactis LDH (Holland and Pritchard, 1 975 ) .  
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The S .  faecalis enzyme appears to have an e s sential requirement 
for either FDP or ltn++ for activity . A significant difference between 
MnC12 and FDP activation of the El· faecalis LDH is that the activity 
at maximum activating concentrations of MnC12 is significantly less  
than if FDP is fully activating the enzyme as is shown in Figure 
2 . 5 . 3 . 2a and b .  Another difference is that FDP shows a higher 
affinity for the enzyme and a lower Hill interaction coefficient 

++ . ++ compared to  Mn • These three dJ.fferences between FDP and Ifu 
activation suggest that the two different act ivato:::s l21.odify 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 . 



2 . 6  Discussion of the Results from Studies on the Properties of 

the S !  lact is c1 O LD� . 

1 03 .  

D:.scus sion will be presen�-ed under the follc•.ving three heading::. ; 

1 • The FDP requirement of streptococcal LDH ' s in relation to 

the in vivo control of the activity of this enzyme . 
- --

2 .  A comparison o f  the s .  lactis LDH properties  with tho se of 

other streptococcal LDH 1 s .  

3 .  The interrelationship betwe en the different properties of the 

_§. lactis LDH . 

Some comparison of the findings �rom the present study with those  

of  other workers has already been made in the pre sentation of the results .  

2 . 6 . 1  The FDP requirement .2f streptococcal L� .  

One o f  the mo st significant properties in terms o f  relating 

in � activity to in yivo eontrol is the :F'DP c oncentration required 

for half maximum activity (M O. SV) . This parameter is markedly 

influenced by the nature of buffer used in the i� vitro assay . The 

M o . sv value (FDP O.SV) at pH 6 . 9 was 4 .4 mM FDP in phosphate buffer ,  

0 .2 mM FDP in tris/maleate buffer and 0 . 002 mM FDP in triethanolamine/ 

HCl buffer .  Thus there is  a 2000 fold difference between the two 

extreme value s ,  depending on the buffer components .  These results 

illustrate Srere ' s  ( 1 968 )  warning about the dangers of extrapolating from 

observations in vitro , to conditions !£ v�v� 

While the above re sults may help to reconcile some of the widely 

differing values which have been reported for the M O.SV value of 

streptococcal LDH ' s ,  since different workers ha\·e l:scd diffor3nt buffers , 

the results also raise the very difficult que stion as to which buffer, 

if any, best represents 1£ vivo conditions . A large number of different 

anions and cations will contribute to the internal buffering capacity of 

a cell and clearly no s imple buffer system can hope to  reproduce the 

� � situat ion .  Trisjbaleate was selected at an early stage of the 

pre sent study on rather arbitrary grounds . Phosphate buffer,  used by 

Wittenberger '  s group , was found in early studie s on the _§ .  lactis LDH 

t o  inhibit FDP binding , while triethanolamine/HCl used by Jago et �· 

did not have a sufficiently wide buffering range for the studie s 
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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 doe0 affect FDP bindi1� and neither tris 

nor acid are ideal buffering components from a physiological 

point of view ( Good and Izawa , 1 972 ) .  A much more thorough invest iga­

tion of other pos sible buffers should be made before further work on the 

enzyme is carried out . 

This question as to which buffer system be st represents the 

� � conditions is a difficult one . The strong inhibitory effect of 

phosphate on FDP binding may be of 1£ � significance .  If a sufficient 

concentration of phosphate is present � � this may mean that the intra­

cellular level of FDP required for activation must be considerably higher 

than the FDP O.SV value determined in the absence of phosphate would 

suggest .  

The LDH' s from �· lactis c1 0 and �· faecalis ATCC 8043 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 

enzyoe to phosphate inhibition ( in fact phosphate slightly activates  

compared to tris/maleate buffer ) .  The §.. la.clli c1 0 enzyme is  strongly 

inhibited by phosphate . 'l'hcrefore depending on the buffer systen used 

in the assays , the �· ��li_� anu the � ·  lac!�� enzymes could have tb� 

same or different FDP requireoents . Another, possibly physiologically 

significant , difference between the §_. faecalis and �· 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 FDP . 

The findings on the effect of  buffer components on the FDP require­

ment of the �· lactis LDH may indicate that the high FDP requirement for 

the �· mutans NCTC 1 �9 LDH ( FDP O.SV = 5 illM) studied in phosphate 

buffer (Brown and Wittenberger , 1 972 ) is due to the use of phosphate 

buffer in the a s says .  
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2 .6.2  Comparison o f  the properties o f  the S .  lact is c1 0 LDH with those 

of other streptococ cal LDH' s .  

In addition to the F'DP requirement , the LDH ' s from different 

streptococcal specie s differ in a number of other propert ies . 

differences are summarised in the following paragraphs .  

A)  pH optimum 

The main 

The S .  lactis c1 0  LDH ha s a pH optimum near neutrality ( 6 . 9 )  in 

the presence of FDP whereas LDH ' s  from � ·  faecali� (Wittenberger and 

Angelo , 1 970) ,  �· mutans NCTC 1 0449 ( Brown and Wittenberger , 1 972 ) and 

.§. .  cremoris US3 ( J ona s �1 p.l . ,  1 972 ) all have a more acid pH optimum as does 

�· �ecalis ATCC 8�3 LDH studied in t he present work with a pH opt imum 

of 6 . 0  ± 0
. 1 . In the S .  lactis LDH the pH optimum was not affected by 

the nature of the buffer co�ponent s .  

B) Effect of FDP on kinet ic parameters . 

The effect of FDP on the kinetic parameters is similar in the LDH ' s  

from � · cremoris US3 ( Jona s � E:,l. , 1 972 ) a nd .§. .  lactis c1 0 • In both 

streptococcal LDH ' s ,  FDP effects both the V values and the binding of max 
NADH and pyruvate .  However in�· �utans ( Brown and Wit tenberger , 1 972 ) 
FDP, though it effects the V and the binding of pyruvate , does not max 
effect the �1 for NADH . S ince Brown and Wittenberger used only three 

different FDP levels and these were all above the FDP O. SV value , it may 

be that the effect of the KJ1i for NA.DH wa s not detected by_ them . With 

.§ .  :I_actis LDH the maj or e ffe ct FDP is on the V and the effect of K max - "M 
for NADH and pyruvate is only small . However the 2 ·  faecalis LDH is  

�arkedly different in that the FDP apparently does not alter the V with max 
either pyruvate or NiillH as tho variable sub strate . FDP only alters the 

binding of' pyruvate and NADH (Wittenberger and Angelo , 1 970) . This 

result was arrived at from the use of five different FDP levels spanning 

the FDP O .SV value and appears to be convincingly established . One can 

only conclude that · FDP is activating the �· faecalis LDH in a s omewhat 

different manner • In view of the many other features in which the 

.§. •  faecalis LDH differs from that of other strepto coccal LDH' s it does 

appear to be a very dist inctive enzyme . 
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C )  Heat stability.  

Another property in which the LDH from S .  faecalis differs froG 
that of other streptococc�l species  is in the respc nse to heat treatre��t . 
For the S .  lactis C 0 LDH }1)P stabilises the enzyme e ither in phosphate or - 1 
tris/maleate buffers .  The S .  lactis LDH is therefore similar to  a number 
of S .  mutans strains ( Brown e.nd Wittenberger, 1 972 ; Wittenberger� �. , 
1 971 ) and S .  cremoris US3 0"onas et al. , 1 972 ) ,  but different from 
.§ .  faecalis (Wittenbergor and Angelo , 1 970) . In the LDH from S .  faecalis , 
the presence of FDP makes the e nzyme labile to heat . In a comparative 
survey of a number of streptococcal strains (Wittenberger � �. , 1 971 )  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 specie s .  

D) Kinetic response to  NADH and pyruvate .  

In studying the �- lactis c1 0  LDH some propert ies as well as  the 
FDP requirement were shown to be effected by the buffer components present 
in the assay system . In both tris/maleate and triethanolal:line/HCl buffers 
the activity was a hyperbolic function of both NADH and pyruvate concentra­
tion. However in phosphate buffer, though activity was a hyperbolic 
function of pyruvate concentration, the response of activity to varying 
NADH concentration showed co-operative binding rather than Michaelis-MPnten 
kinetics . It would be of interest to establish whether the findings of 
Brown and Wi ttenberger ( 1 972 ) for the §.. mu tans NCTC 1 �9 LDH, where 
there appeared to be at least two pyruvate binding sites on the enzyme 
with some co-operative interaction between them , were due to the use by 
these workers of  phosphate buffer . 

E)  Oxamate inhibition . 

Brown and Wittenberger ( 1 972 ) showed that oxamate inhibited 
activity at all pyruvate concentrations for the §_.  mutans enzyme . 
However when the �- lactis LDH was similarly studied in phosphate buffer ,  
oxamate activated the enzyme �t  the lower pyruvate concentrations , and 
with an increase in the phosphate concentration the activation of oxamate 
wa s  more marked.  



F )  Effect of pH on FDP binding . 
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The FDP binding for the §.. 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, 1 972 ) and §. . faecalis 

(Wittenberger and Angelo , 1 970) studied in phosphate buffer,  showed a 

dependence on pH for FDP binding so the se two LDH' s differ from the 

S .  lact is LDH studied in phosphate buffer . The S .  lactis c1 O LDH showed 

a different pattern of FDP binding in relation to pH betwe en the two 

buffers , t ris/rnaleate ancl triethanolamine/HGl buffer . Only the results 

in triethanolamine/HCl buffer were consistent with the pattern shown by 

the S .  mutans and S .  faecalis I.DH , i . e . a decreasing affinity for FDP a s  

the pH is raised. 

Therefore of the four streptococcal LDH' s studied in detail 

@. lactis , � mutans , � ·  faecalis and � · cremoris ) there is sufficient 

evidence indicating that the LDH ' s  are quite distinct from each other in 

their 1£ � propertie s .  The � · lactis c1 0  LDH is most sioilar to the 

�· cremoris LDH which is not surprising in view of the close  taxonomic 

relationship between these two species . Although the streptococcal LDH' s 

show different � vitro propert ies  it may be that the intracellular 

conditions are such that not all of the 1E vitro difference s nre physio­

logically significant in the 1£ � situation . However it is possible 

that some of the differences in � vitro properties  (especially pH 

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

streptococcal LDH ' s .  
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2 . 6 .3 The interrelationship between the propertie s o f  the �· lactis LDH . 

The �· lactis LDH can be regarded a s  an allo steric enzyme with FDP 

( structurally dis s imilar from t h0 sub strat e s ,  NADH and pyruvate ) being 

the important allost eric eff e ct or .  It follows from the discus sion by 

Stadtman ( 1 966 ) that the modulation of LDH activity is a chieved through 

the binding of the metabolite effector (FDP) at spe c ific regulatory 

s ite s that are distinct from the catalyt ic binding site s .  As in most 

allost eric enzyme s ,  the allosteric e ffector , FDP, yields s igmoidal 

curves (under mo st c onditions ) rather than hyperbolic saturat ion curve s 

when LDH act ivity is plotte d  against the FDP concentrat ion . 

Monod � �· (1 965 ) and Ko shland � £1• ( 1 966 ) have prop osed two 

ba sic models to mathemat ically treat and des cribe allosteric enzyme s at 

the molecular level .  In dis cus sing the interrelat ionship betwe en the 

properties of the � - lactis c1 0  LDH a model ha s  been dravm ( see Figure 

2 . 6 .3 ) .  However it is not intended that the model be c onsidered e ithe r 

as a Monod e t  al . ( 1 965 ) type or as a Ko shland � al . ( 1 966 )  type , but 

simply to summarise in po.rt , sor;JG o f  the pos sible interrelationship s of 

the S .  lact is LDH properties . 

With reference to the model shown in Figure 2 . 6 . 3 the inter­

relationship s betwe en the prope rt ie s  will be discus sed under separate 

headings . 

A ) The �- lacti� LDH can exist in different aggregated states .  

From SDS p o lyacrylrumide gel electrophore sis the �· lactis LDH 

sample showed a maj o r  protein band corre sponding to a mole cular we ight 

of 36 , 000 . The mole cular we ight of the native S .  lact is LDH wa s not 

det ermined in a guantitat ive manner , b e caus e  of t.l:J.e c ol:lplexity of the 

behaviour of the a c t ive enzyme on polyacrylamide gel electrophore sis . 

However gel electrophore sis did appear to give a qualitative picture of 

the native molecular we ight spe cies of the S. lactis c1 0  LDH . 

From ge l electrophore s is o f  the LDH at acid pH { 6 . 0 )  and at 

high ionic strength , a slow moving protein was observed whereas at 

alkaline pH value s (above pH 7 . 0 )  only a number of faster moving 

proteins (three ) with corresponding LDH act ivity were present . As gel 

electrophoresis s eparates proteins on the ba sis of a combination of 

charge and molecular weight of the protei� interpretation i s  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 
a s  the pH was increased for the following reasons : 

1 )  From polyacrylamide gel electrophoresis of  the purified S .  cremoris 
LDH Jago � �· ( 1 971 ) showed that the relative mobilities were a linear 
function of pH . However in the study of the �· lactis LDH there appeared 
t o  be no intermediate forms betwe en the slow migrating LDH activity and 
the faster migrating LDH activitie s when run at different pHs . Also at 
pH 6 .0  the slow migrating LDH activity could be converted to 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 �· cremoris LDH, on gel electrophoresis 
would appear to migrate faster with an increase in pH due to  deaggregation 
rather than simply just to an increase in charge . 

2 )  From heat stability studies of the enzyme at 55° C ,  high ionic 
strength buffer and acid pH values increased the stability of the LDH . 
These same conditions favoured the slow migrating species which also 
developed a LDH at;tivity 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 favour a stable form which, in turn, give[; 
a corresponding quickly devGloping activity stain. Everse and Kaplan 
( 1 973 ) 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 � ·  lactis c1 0  LDH .  
However in  addition, in  the S .  lactis LDH , a polymeric structure is  
e ssential for the co-operative interaction of FDP with the enzyme . 

3 )  Dynon et �· ( 1 972 ) concluded from the ir investigations and the 
previous investigations of Jago � �· (1 971 ) that the LDH from 
_§ .  cremoris has a molecular weight of 1 40,000 and is a tetramer with 
identical subunits of molecular weight 35,000. Jago � � (1 971 ) 

found from ultracentrifuge studies on the �· cremoris LDH that an 
increase in pH, using triethanolamine/HCl buffer favoured a dissociated 
form of the enzyme (MWt 70,000) c ompared to the 1 40,000 form present in 
the pH range 5-7 and at pH 8 .0 in phosphate buffer .  
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Considering these three points of evidence the aggregated form 

of the §• 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 is shown as a 

dimeric protein,  which is relatively unstable and poasib ecause of 

this instability, may exist in a number of forms . The existence of 

multiple forms (three ) of LDH that migrate relatively fast may be due to 

charge or conformational differences rather than differences in their 

aggregation. However for 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 a similar way when the kinetics and stability are studied in the 

absence of the gel mediun. For example at pH 7 . 0  (the pH optioum of 

the LDH activity in presence of FDP)  the evidence froo gel electrophoresis 

indicated that the LDH was of the dimeric type ( state 3) . In inter­

relating the kinetic propertie s at neutral pH values to the gel evidence 

indicating a dimeric typp , there are difficulties .  Ther�fore it is 

reasoned that at pH 7.0 a s  vvell �. s pH 6 . 0 the enzyme is probably the 

tetrameric protein ( state 1 )  under kinetic assay conditions, though not 

necessarily under gel ele ctrophoresis 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/HCl buffers ( not phosphate 

buffer - see under C ) .  Although there were some s ignificant differences 

between the kinetic properties in tris/maleate and triethanolamine/HCl 

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 )  o f  the LDH will show no pyruvate reduction 

or lactate oxidation activity in the absence of FDP at acid and neutral 

pH vnlues . However at pH 8 . 0 state 3 is the predominate form of the 

enzyme , and it is this form that shows pyruvate reduction or lc,cta te 

oxidation activity in thG absence of FDP. This is supported from the 

kinetic findings on the � · l�ctis c1 0 LDH . At 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 was s ignificantly 

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 lactate 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 t o  the dimeric protein ( state 3 )  

and affects a possible conformational change t o  state 4 .  ThG 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 enzyne at acid and 

neutral pH values while only slightly activating at alkaline pH values .  

In tris/maleate and triethanolamine buffers at acid and neutral pH 

values the FDP activation of the enzyme was sigmo idal (� = 1 . 6 )  indicat-

ing co-operative binding of FDP to the enzyme . In the same two buffers , 

at an alkaline pH , the FDP activation showed no co-operative binding to 

the enzyme (� = 1 .o ) . These findings are consistent with the proposed 

model in Figure 2 .6 .3 . In 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 eliminated by pro-incubation with FDP, but not 

with pyruvate  or NADH. At pH 8 . 2 ,  where activity is not so markedly 

affected by FDP, no lag p eriod 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 chRnge 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 , vrhy no eo-operative binding occurs,  and why 

no lag period was found at the alkaline pH values . 

These conclusions are supported by work by Jago � �· (1 971 ) .  
These workers studied the �· cremoris LDH and concluded that FDP induced 

conforma tion..<J.l changes in the structure of the enzyme , the unfolded form 

being more active . 

C )  The phosphate effecJ 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 the enzyme into 

state 5 .  State 5 is similnr t o  state 1 in that this form doGs not show 

pyruvate reduction or lactate oxidation activity in the absence of FDP 

and at  alkaline pHs , dis sociation occurs to give state 7 ,  which does show 

pyruvate reduction a ct ivity ( like state 3 )  but not lactate oxidation 

activity (unlike state 3 )  li1 the absence of FDP . However the conformations 

of states 5 and 7 are sufficiently different froL:J 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 e nzyme 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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c onverte d  to state 2 which has a higher affinity for pyruvat e . 

Alternatively a further confornation o f  I�H may be pre s ent in phosphate 

buffer ,  i . e . state 9 ,  famed by oxaoate counteract ing the pho sphate 

e ffect in s ome way and inducing a c onforoation stat e that ha s a highe r 

a ffinity for pyruvat e .  ·rhis could explain why oxano.te stabilizes the 

LDH to heat t o  a different w:t o nt in tris/na leate and pho sphate buffers . 

Vfhether oxamate is binding at another s ite , other than the pyruvate 

c atalyt ic s it e ,  as well , is not knovm . Pyruvat e alone doe s not protect 

the enzyoe from heat ina ct ivation where as oxamat e  does e ven in the 

a b sence of FDP and W�H . This sugge st s that oxaoate doe s  not b ind 

to the pyruvate catalyt i c  s ite but to a different s ite . This may 

explain why the " oxamat e affinity" chromat ography of S .  la ct is c1 0  was 

suc ce ssful and why oxamat e  activate d  in pho sphate s ince the oxamat e  s it e  

may b e  relat e d  t o  the b inding s ite for pho sphate . In pho s phat e  buffe r ,  

a t  higher c oncentrations , oxamate probably b inds t o  the pyruvate s ite 

s ince it inhib it s  the a c t ivity of LDH . 

1\.t pH 8 . 0 ,  FDP binds in an appa rently co -op erat ive w2.y in 

pho sphate buffe r ,  but not in the other two buffers . This co-op erat ive 

b inding to the stat e 7 foro. nay be due to the FDP overcomi..'1.g the pho s ­

phate effect a s  well a s  activat ing the enzyme . 

�.6 .4 Other fact ors that may regulat e  LDH act ivity .  

Both NAD+ and a denine nucle ot ide s (ATP and ADP) inhib it the enz�ne 

with quite low KJ value s .  The regulat ory s ignificance of such inhibit ors 

in .Yi.Y.£ is not obvious . I:::Ihibition by NAD+ (KT 2 . 0 mM) , which is c om­

p etitive with r e spect to NADI1 , could ensure that a minimun p o ol size o f  

NADH is mainta ined a t  2. hie;h NAD+/NADH rc.tio a s  the reduced nuc leot ide 

oay be require d for some bio synthe t i c  funct ions ( a lthough NADPH usually 

fulfils the bio synthetic function ) .  

Since ADP and ATP inhibited t he enzyme with similar KJ value s ,  

re gulat ion by energy charge ( Review by Atkinson , 1 966 ) would s e em 

unlikely . Though AMP iru1ibits a ct ivity over most of the NADH c oncen­

t ration range , this nucle ot ide did appear to a c t ivate the LDH nt high 

NADH concentra t ions . However the interaction with other fact ors such 

a s  FDP, pho sphate and pH would have to be further inve stigated b ef ore 

t he s ignifi c ance of the nucleotide interaction could be underst ood . 



SECTION 3. 

PYRUVATE KINASE 



3.1 Introduction 

1 1 5 . 

Krebs and Kornberg (1 957 )  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 a ssumed to be practically irreversible under physiological con­
ditions (Krebs and Kornborg , 1 957;  Utter,  1 963 ) .  P,yruvate  kinase 
therefore catalyses  a strategic step in the glycolytic pathway (Krebs 
and Eggleston, 1 965 ; Newsholme and Gevers , 1 967) . In organisms and 
tissues with the potential for gluconeogenes i s ,  alternative reactions 
exist in order to bypass the irreversible step of glycolysis catalysed by 
pyruvate kinase . The two en&ymes , pyruvate carboxylase (Reaction 2 )  and 
phosphoenolpyruvate carboxykinase (Reaction 3 )  result in pyruvate being 
converted back to phosphoenolpyruvate (PEP) via the intermediate formation 
of oxaloacetic acid ( OAA ) .  

Reaction 1 PEP + ADP �:: K+ 7 Pyruvate + ATP (Pyruvate Kinase ) 

Reaction 2 P,yruvate + C02 + ATP + H2o Mg ++ ) OAA + ADP + Pi (Pyruvate 
carboxylase ) ++ ++ -

( ) Reaction 3 OAA + GTP Mg �� --1 PEP + GDP + C02 PEP - Carboxykinase 

The combined action of these three enzymes of glycolysis (Reaction 1 ) 
and gluconeogene sis (Reactions 2 and 3 )  would allow a 11 futile cycle" 
( Scrutton and Utter, 1 968 )  to occur, resulting in the nett hydrolysis of 
nucleoside triphosphates ,  an energy-wasting process . Therefore in 
organisms where these three enzymes exist it is e ssential for the pyru­
vate kinase (as well as the other two enzymes ) to be under physiological 
control so that no " futile cycle11 is created and so that there is only a 

nett channelling of PEP e ither to an energy producing (glycolysis ) or to 
an energy requiring ( gluconeogenesis ) pathway . 

Pyruvate kinase would be expected to show different control 
properties depending on the role which this enzyme plays in metabolism . 
Thus the pyruvate kinase in an organism or tissue where only glycolysis 
can o ccur 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 there are distinctive 
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propertie s of the enzyme depending on its source . This diversity of 

the properties of different pyruvate kinases empha sises the importance of 

the physiological control function of this enzyme in relation to the 

particular pathways operating . 

3 . 1  . 1  Mammalian ryruvate Kinases 

The most intensively studied mammalian pyruvate kinases are the 

two type s of pyruvate kinase from rat liver .  

Tanaka et a l .  ( 1 965 ) 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 glucone ogenic pathway is 

operating . In crude extracts of liver two forms of the enzyme were 

identified by ele ctrophore sis and immunological procedure s and tentatively 

named type M and type 1 .  The pyruvate kinase , type I'� , appears t o  be the 

same as  the muscle type enzyme the characteristics of which have been 

de scribed in detail by Boyer ( 1 962 ) . The type M is found in skeletal 

muscle , heart , liver and kidney and ha s similar properties in all these 

organs . The type 1 is found only in the liver and kidney. The level 

of the type 1 varies greatly under various physiological conditions 

whereas that of type M v.:::.rie s only slightly (Krebs and Eggle ston, 1 965 ; 

Tanaka et � . , 1 967; ''febeT et al . ,  1 965 ; Yudkin and Kraus s ,  1 >67) . 

For example in alloxan diabetic animals and those fed on a high protein 

diet or fasted for 48 hours , the level of type 1 pyruvate kinase was 

greatly decreased, and on subsequent insulin administration or administration 

of a normal diet the levels returned to normal . 

A .  Propertie s of�r�t liver 1-type pyruvate kinase 

Passeron � al . ( ·1 967) and Taylor and Bailey ( 1 967 ) studied the rat 

liver pyruvate kinase (1-type ) and found that it is activated by 

fructose-1 , 6-diphosphate (FDP) i£ vitro . The rabbit and rat muscle 

pyruvate kinase , on the other hand, was unaffected by FDP ( Taylor and 

Bailey, 1 967) . The main kinetic characteristic s of the activation of 

the rat liver pyruvate kinase (Taylor and Bailey, 1 967 ) 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 �i for PEP at high concentrations of FDP . i'aylor and 

Bailey (1 967) 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 � !:1:.· ( 1 968 ) who pointed out that 

Io'DP would control not only pyruvate kinase activity, but also the activity 

o f  the two other strategically related enzymes ,  fructose diphosphatase and 

phosphofructokinase . 

Rozengurt et �· ( 1 969 ) studied in detail the effect of pH on the 

a llosteric behaviour of rat liver pyruvate kinase (type L) . At pH 

values lower than 7 ,  the enzyme obeys Michaelis-Menten 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 mM FDP or at high PEP concen-

trations . They concluded that small variations in the intracellular pH 

c ould be important in the regulation of pyruvate kinase activity by 

metabolites � �· Jimenez de Asua � �· ( 1 970) showed that at pH 7 . 5  

there is a sigmoidal velocity response o f  the rat liver pyruvate kinase 

( type L)  with respect to K+ or m14+ , but at saturating concentrations of 

PEP ar FDP the velocity response is  transformed into a normal hyperbolic 

relationship . The K+ saturation curve follows a hyperbolic pattern at 

acid or very alkaline pH values . Jimenez de Asua et al . raised the 

possibility of modulation il! � of pyruvate kinase activity by free 

K+ level variations . 

The importance of studying the interaction of substrate� , 

activators and inhibitors over a wide concentration range before 

relating the lE vitro properties to � � c onditions is illustrated by 

the conflicting conclusions of Koster � !1· ( 1 972 ) and Van Berkel et �­

(1 974) . Koster and Hulsmann (1 970) 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 � �· (1 972 ) 
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 GDP 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 enzyme . Koster 
� �· concluded that the regulation of pyruvate kina se cannot be achieved 
by a fluctuating FDP concentration of the liver as previously suggested by 
Taylor and Bailey ( 1 967) . However , Van Berkel � �· (1 974)  studied the 
enzyme at physiological concentrations of substrates and modifiers , 
e specially of PEP (Koster and Hulsmann, 1 970 and Koster � �1 . ,  1 972 used 
elevated PEP concentrat ions compared to the physiological level of PEP) . 
They concluded that inorganic phosphate and phosphorylated hexoses , 
including gluco se-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 
� �· (1 967) , who found that the rat liver enzyme , if incubated in KCl 
solution in the presence of EDTA , was completely desensitised towards 
activation by FDP. Other workers have also studied this phenomenon 
( Bailey � �· , 1 968 and Pogson 1 968a ) ,  and have shown that the form 
insensitive to FDP also shows normal Michaelis-Menten kinetic s with PEP. 
Susor and Rutter (1 968 ) showed that the FDP insensitive form is  also 
less  sensitive to  ATP inhibition. Preincubation with low concentrations 
of FDP UJorente � � . , 1 970 ; Pogson, 1 968a ; Bailey et �l· , 1 968; 
Susor and Rutter, 1 968 ) and extraction and storage at low temperatures 
( 0° - 20°C)  ( Llorente � al . ,  1 970 ) are conditions that favour the form 
that is insensitive to FDP . Preincubation with citrate , ATP or between 
25° and 37° ( Pogson, 1 968a ) and isolation or preincubation in EDTA 
( Pogson, 1 968a and b ;  Bailey � �. ,  1 968 ) are conditions that favour 
the form that is  sensitive to  FDP. Van Berkel et �· (1 973a ) 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 
i s  six times higher than the requirement for the reduced enzyme . 
Van Berkel _!U; 1:].. 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 � vivo as has been 

suggested for a number of enzymes,  e . g .  pyruvate-formate lyase from 

Escherichia � ( Knappe � � . , 1 965 ) and xanthine oxidase from rat 

liver (Stirpe and Della Carte , 1 970) .  Further support for the hypo­

thesis of Van Berkel et �1 . ( 1 973a ) that -SH groups can play a role in 

the regulation of the pyruvate kinase activity in � comes from the 

work of the same group on hwnan erythrocyte pyruvate kinase (Van Berkel 

e� �. , 1 973c ) .  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 

a11 increased oxidiz ed glutathione concentration in the red blood cells . 

B .  Rat liver M-t;ype Pyruvate kinase 

The rat liver , M-type pyruvate kinase is immunologically 

indistinguishable from the muscle enzyme (Tanaka � �. , 1 967) although 

it does differ in electrophoretic mobility ( Susor and Rutter , 1 968 ) . 

Until recently it was uncertain whether these two pyruvate kinases  had 

similar kinetic propertie s  ( Tanaka et �. , 1 967 ) .  As recently as 1 972 

the rat liver M-type pyruvate kinase was described as a non-allosteric 

enzyme (Van Berkel et �. ,  1 972 ) . These authors suggested thnt  there 

are two kinds o f  glycolytic pathways in liver . One of these , procee.ding 

by way of hexokinase and type 1li 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 regulat ·ory pathway catalysed by glucokinase and type L 

pyruvate kina se would fluctuate in response to dietary and hormonal 

conditions and would meet the special demands of the cells . 'l'hese 

workers based their conclusions on the basis of the M-type pyruvate 

kinase being a non-allosteric enzyr.n..e with no significant modifying 

ligands . 

The same group of  workers a year later (Van Berkel � �. , 1 973b ) 

published a paper on the allosteric kinetic properties  of M-type pyruvate 

kinase from rat liver . 'rhey 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 � 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 stL�ulated activity at low PEP 

concentrations . Alanine acted a s  an allosteric inhibitor but this 

inhibition could be fully abolished by the addition of FDP. 'rhe alanine 

inhibition was also dependent on the pH and on PEP concentration. At 

pH 5 . 9 the alanine inhibition curve was aigmoidal with a � value of -2 . 0 .  

At pH 5 . 9 full activity wa s completely restored with the addition o f  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. 

Imamura . � al . ( /1 9 72 )  also studied the M-type pyruvate kinase 

from rat liver,  but , in contrast to  Van Berkel et �· (1 973b ) ,  found that 

FDP did not restore activity to the alanine inhibited enzyme . 

Van Berkel � � ·  (1 973b ) 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 � �. , 1 973a ) .  

They showed that M�type enzyme if incubated overnight with oxidized 

glutathione , while having the same reaction 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 obtained for the L-type from rat liver (Van Berkel � �. , 
1 973a ) the oxidation of the thiol groups of the M-type is not reversible . 

Van Berkel � � ·  (1 973b ) conclude that various authors have not detected 

the allosteric nature of the rat liver , M-type enzyme because they have 

studied the kinetics at pH 7 .4 where there is very little allosteric 

interaction. Van Berkel �et al . ( 1 973b)  state that "The metabolic 

implication of the possibility to regulate the M-type pyruvate kinase is 

not obvious" . 

It is evident from the studies described above and from othe:�:�s 
( e .g .  Jimenez de Asua �t �1· , 1 971 ) that the kinetic properties of the 

enzymes have to be extensively studied under various combinations of 

conditions that could exist .:!E .Yl.Y.2.· The pH effect ,  the homotropic and 

heterotropic interrelat ionships 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 

Sreres ( 1 968 )  warning of the dangers of extrapolating in vitro data to 

lE �  conditions . 
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Different forms of pyruvate kinases also exist in adipose tissue 

( Pogson, 1 968a and b ) ,  erythrocytes  ( Staal et �· , 1 971 ) and kidney 

( Costa � �. ,  1 972 ) . The adipose t issue isoenzyme s 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 1 pyruvate kinase . 

The B form is generally similar to muscle (M)  type . Both forms show som8 

distinctive properties from the corre sponding live�enzymes ( Pogson, 1 968a 

and b ) .  The isoenzymic pairs of erythrocytes and kidney cortex also 

show homologous properties to the two liver enzyme s although the kidney 

type I pyruvate kina se shows some very distinctive features .  

The c erebral pyruvat e  kinase (Nicholas and Bachelard, 1 974) 

appears t o  be kinetically distinct from both M and 1 type . 

).1 . 2 Microbial pyruvat� Kinases 

Pyruvate kinases have been purified and studied from a number of 

microbial source s . 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 phys iological role in regulating carbo­

hydrate metabolism . 

Pyruvate  kinases from the following microorganisms have been 

purified �nd studied in some detail: 

Saccharomyce s  cerevisiae 

( and �· carlsbergensis )  

Escherichia £21i 

Bacillus licheniformis 

Bacillus subtilis 

He ss � £1· ( 1 966 ) 

He ss and Haeckel ( 1 967 )  

Haeckel � �· ( 1 968 )  

Hunsley and Suelter (1 969 ) 

Macfarlane and Ainsworth (1 972 )  

Johannes and Hess (1 973 ) 

Maeba and Sanwal (1 968 ) 

Malcovati and Kornberg (1 969 ) 

Waygood and Sanwal (1 971 ) 

Waygood and Sanwal (1 972 ) 

Viaygood and Sanwal ( 1 974 ) 

Tuominen and Bernlohr (1 971 a  and b )  

Die sterhaft and Freese (1 972 ) 



Acetobacter xylinum 

Brevibacterium �lavum 

Streptococcus �aecalis 

Streptococcus lactis ML3 

Benziman ( 1 969 ) 

Ozaki and Shiio ( 1 9 69 ) 

Wittenberger � §-..1• ( 1 973 ) 

Collins and Thomas ( 1 974)  
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The studies on yeast (�. cerevisiae and �· carlsb�gensi_�) ,  � ·  coli 

and B.  licheni�ormis pyruvate kinases  will be reviewed brie�ly as  repre sent-

ing di��erent types o� physiological control . The S .  �ae calis and 

S .  lactis IlL3 pyruvate kinases will be mentioned in the �ollowing section 

( 3 . 1 .3 ) .  

A .  Yeast pyruvate k�nase 

Earlier studies (:Hess et �· , 1 966 ; Hes s  and Haeckel , 1 967; 

Haeckel � §-..1 . ,  1 968 ) showed that the pyruvate kinase of £• 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 �orm . Similar �indings are reported by 

Hunsley and Suelter ( 1 969 ) on the S .  cerevisiae enzyme , except that ADP 

exhibited no co-operative binding t o  the enzyme . ATP, CTP, GTP, UTP, 

ITP, A�� and 31 51 AMP inhibited pyruvate kinase (Haeckel � �. , 1 968 ) and 

the ATP inhibition was reported to be due to a negative heterotropic 

interaction with the binding of PEP. NADP+ , citrate and Ca++ have also 

been shown to  inhibit the enzyme allosterically (Haecke l et �. , 1 968 ) . 

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 .  

I n  another yeast , Candida utilis , Gancedo � �· ( 1 967) found 

that the pyruvate kinase , unlike that of �· cerevisiae , wa s not regulated 

by FDP. In this yeast, activity o� the pyruvate kinase appears to be 

regulated by controlling enzyme synthesis . Pyruvate kinase activity is 

high when £• utilis is grown on gluco se but markedly lower when grown 

ethanol (a gluconeogenic substrata ) . 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 specie s  

have adopte d different types o f  control me chanisms t o  determine the 

balance between glycolytic and gluconeogenic activity. 



c .  Escherich� Sill pyruvat e  kina se 
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Mae ba and Sanwal (1 968 ) studied the re gulat ion of pyruvate kina s e  

from E .  � B us ing a preparat ion partia lly purified by ammonium sulphate 

fractionat ion. They f ound that both FDP and AMP enhanc ed activ ity . 

The se two p o s itive e ffectors , however , affe c t e d  different ly the s ig­

moidal depe ndence of a c t iv ity on PEP concent rat io n .  FDP changed the 

V but not the s igmoidal rat e -concentrat ion curve s ,  where a s  AMP changed max 
the KM for PEP and c onvert ed the s igmoidal plot int o a hyperbolic plot . 

Sub s equently Malcova t i  and Kornberg ( 1 969 ) and Waygood and Sanv:al ( 1 971 ) 

showed that two typ e s  of pyruvate kina se are pre sent in lf.· 201�, one o f  

which i s  activated by FDP and the other by AMP . Malcovati and Kornbe rg 

( 1 969 ) reported that the pyruvat e  kina s e  form I from !· co li K-1 2 ,  which 

is activated by FDP is induc ible wherea s the o the r form of pyruvat e  kina se 

( II ) ,  which is not s ignificantly affected by FDP, appears to b e  f orme d 

constitutively. The two forms of the enzyme were thought to repr e s ent 

different s pecies of pyruvate kina se rathe r than different forms of t he 

same enzyme which are int erconvert ible . The FDP-a ctivat e d  form was shown 

to be sus c ept ible to a co-operat ive feedback inhibit ion by suc c �l Cru� 

and .ATP (Waygood and Sanwal , 1 972 ) . Kornberg and Malc ova t i  ( 1 973 )  have 

found that the kine t i c  propert i e s  of pyruvate kina se in " permeabilized11 

E • .£21J: were s imilar to the prop e rtie s o b se rved i12: .Y.ik£• 
Waygo od and Sanwal ( 1 974) purified the FDP-act ivat e d  E . c o l i  

pyruvate kina se and studied its re gulat ory propert ie s . Of s evera l 

nuc le o s ide dipho sphat e s  which act as pho sphate acceptors in the react ion, 

GDP, j udging by it s � value o f  0. 05 mM wa s the b e st sub strate for t he 

enzyme . They have sugge sted that GDP, rather than ADP, is the pho s phat e  

acc eptor � �, at least f o r  the FDP-a ct ivated !• � enzyme . 

Similarly GTP is a more effe ct ive inhibitor than other nucle o s ide tri­

phosphate s  although t he degree o f  GTP inhi b ition depends on which nucle o s ide 

dipho s phat e  is acting as the acceptor . ATP i s  a relat ively poor inhibit or 

but with succ inyl CoA ( it s e lf a poor inhib itor ) a strong e o -op era t ive 

inhibit ion is obtained . On the other hand, GTP and succ inyl Co.A did 

not show the same increased c o-operat ive inhibit ion . 

The !· � FDP-activat e d  e nzyme (Waygood and Sanwal , 1 974) 

shows the distinct ive property o f  not requiring K
+ 

for a ct ivity . Most 

other pyruvat e  kina s e s  have an e s sent ial requirement for a monovalent 

cat ion .  The only other reported exc ept ions t o  this are the p,yruvate 
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kina se s  from Acetobacter xylinum ( Benziman , 1 969 ) and from Brevibacterium 

flavum ( Ozaki and Shiio , 1 969 ) . 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 V for the enzyme is approximately max 
++ half of the value obtained when Mg is  used . Under fully activated 

conditions the �I for Mg++ is 0 .4 mM and for Mn++ is 0 .04 mM . 

C .  Bacillus licheniformis pyruvate kina se 

The pyruvate kinase of the spore -forming bacterium B .  licheniformis 

was purified and the kinetic propertie s  studied by Tuominen and Bernlohr 

( 1 971 a and b ) .  They found that a single constitutively synthe sised 

pyruvate kinase is present in �· licheniformis . They showed that a 

number of factors could modulate the activity of the purified pyruvate 

kinase of B .  licheniformis . Pyruvate kinase appears to be regulated 

primarily by a ctivation 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 carbamyl phosphate may not be  physiologically significant . Regulation 

of the pyruvate kinase act ivity by 1£ � concentrations of Pi may be 

s ignificant with Pi serving as an indi cator of NADH levels in glycolysing 

cells . FDP doe s  not ef!'ect the enzyme ' s  activity. The intracellular 
++ ++ balance between Mg and 1m may be potentially important in the regula-

t ion of pyruvate kinase in B . licheniformis . With Mn++ present as the 

divalent cation, the KM for PEP is seven-fold lower than in the presence 
++ o f  Mg • The sigmo id nature of ADP and PEP binding was increased by 

the presence of ATP in the presence of Mg++ . With Mg++ a s  the divalent 

cation, ATP inhibition wa s abolished by AMP and both ADP and PEP showed 

s igmoidal kinetics which were transformed to Michaelis-Menten kinetics if 

AMP was present . However with �ln++ 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 A�W . 

Other bacterial pyruvate kinases  which are not apparently 

regulated by FDP include the pyruvate kina ses from Acetobacter xylinum 

( Benz iman , 1 969 ) and from Brevibacterium flavum ( Ozaki and Shiio , 1 969 ) . 

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 triphosph�tes  and several organic acids , c itrate , isocitrate , 

malate and ?(-ketoglutarate acting as  inhibitors . 

Ryruvate Kinase of Streptococci 

At the t ime that the present study of pyruvate kinase of 

Streptococcus lacti5 c1 0 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 �· lactis ML3 only if FDP 

was included in the assay mixture . The D .R .I . group subsequently con­

t inued their studie s of this enzyme and published a report on its 

�roperties ( Collins and Thomas ,  1 974) .  Our attention was also drawn 

by Dr C .L .  Wittenberger of the 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 �· (1 973 ) reported the presence of two forms of 

pyruvate kinase in §_. f,Q_�alis , designated PK-I and PK-II .  PK-I , with 

a molecular weight of 200 , 000, exhibits positive homotropic kinetics 

with its substrate , PEP ( 1)-:r = 2 . 9 ) . This form of the enzyme has a low 

affinity for PEP (PEP 0 • 5V = 9 .0 mM) and is not activated by FDP (FDP is 

somewhat inhibitory) . PK-I i s  slightly stimulated by AMP and is  inhibited 

by ATP . PK-II , with a molecular weight of 1 00 , 000, is almost totall.>• 

dependent upon FDP for activity, and exhibits weaker homotropic inter­

actions with PEP (� = 1 . 6 ) than does PK-I . PK-II has a much higher 

affinity for PEP (PEP 0 • 5V = 0 .4 mM) and is unaffected by e ither AMP or  

ATP. 

The work of Collins and Thomas ( 1 974) on the FDP-activated  

pyruvate kinase of  §.. lactis ML3 will be  discussed in the relevant 

sections of  the present study on �· � c1 0 pyruvate kinase . 

The two main objectives in studying the �· lactis  c1 0 pyruvat e  

kinase were a s  follows :  

1 .  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 S .  lactis c1 0: 
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Probably no gluconeogenic pathway functiom in �· lactis , so 
there is not the need to  control the pyruvate kinase activity in respect 
to preventing a "futile cyclen from o ccurring . However PEP is required 
for the transport of cnrbohydrate s into �· lactis  by the PEP­
phosphotransferase system , o. s shown by :McKa.y � al.  ( 1 969 and 1 970) . 
Therefore the utilisation of PEP by pyruvate kinase needs to be regulated 
t o  ensure that adequate PEP is available for the PEP-phosphotransferase 
transport system . 

2 .  To compare the FDP regulation of pyruvate kinase and :OH 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 e stablish 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 s imilar then it is important to  know 
if any other factors may differentially affect the activity of the two 
enzyme s . 

It i s  necessary to  study the .§_.  lactis c1 0 pyruvate kinase under 
a wide range of conditions and the interaction of  as many factors as 
possible . This is evident from the work de scribed in the previous 
section on LDH ( Section 2 ) ,  and from the review of work on pyruvate 
kinases of other organisms . 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 physiolo�ical role of 
a particular control mechanism may be drawn if the 1!! vitro properties are 
studied under a limited range of conditions . This is exemplified by the 
opposing conclusions drawn by Koster � �· ( 1 972 ) and Van Berkel � �· 
( 1 974) concerning the importance of FDP in regulating the 1-type pyruvate  
kinase of  mammalian liver. 

Therefore in the present study of the �· lactis c1 0  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 . 



3.2 Materials and Methods . 

3. 2 . 1  Organism 

§.ireptococ cus lactis c1 0 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 
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g iven in some detail . All nucleo side phosphates were stored desiccated 

as their dry salts in the freezer . For kinetic studies the solutions 

were made up in 0 . 1  M triethanolamine/HCl buffer pH 7 . 5  on the day of use ,  

stored on ice , and only used for that day.  Adenosine 51 -Diphosphate 

(ADP) , Guanosine 51 -Diphosphate (GDP) and Adenosine 51 -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 0 .1 M triethanolamine/HCl buffer pH 7 . 5  

on the day of  use ,  stored on ice , and only used for that day. 

Nicotinamide Adenine D inucleotide , Reduced Form (NADH) was the 

disodium salt from Sigma ( Sigma grade , 98.% pure ) . For kinetic studies,  

solutions were made up in 0 . 0025 U 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 , 98-1 0Q%) . FDP was dissolved in 0 .005 M 
triethanolamine/HCl 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 (NH4)2so4 (1 0 mg protein/cm3 , 81 5 Sigma units/mg) ,  obtained 

from Sigma . 

�he following monovalent and divalent metals were obtained from 

BDH as the Anala R grade : 

CaC12 , CuC12 , BaCl2 , ZnCl2 
May and Baker ( "AR" ) .  

KCl ,  NHL� Cl , 

and MnCl2 • 

LiCl , MgC12 , Mgso4, CoC12 , 

NaCl was obtained from 
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:Male ic, acid was from Koch-Light Laboratorie s ( "AR" ) 1 KH2P04, 
imidaz ole and triethanolamine were from BDH (Anala R) and tris 
( hydroxymethyl ) aminomethane was from S igma ( Trizma Base ) .  Glycerol 
wa s obtained from BDH (Anala R) and 2 -me rcapto-ethanol from Fluka 
( 98%) .  

For gel filtrat ion, Bio-gel A 0 . 5  M ,  1 00-200 me sh , was obta ined 
from Bio-Rad La borat ories and for ion exchange chromatography 
DEAE-Cel wlo se , !Vhatman , DE-3 2 (Microgranular ) was used • 

..1. 2 .3 .  Pyruvate Kinase Assay 

Pyruvate kinase act ivity wa s estimat ed by mea suring the rate o f  
NADH oxidation at 340 nm .  The standard as say mixture contained in a 
total volume of 3 cm3 : 80 mM triethanolamine/HCl buffer pH 7 . 5 ,  1 mM PEP, 

3 . 3  mM ADP, 1 mM FDP, 1 3 . 33 mM KC1 ,3 .33 mM MgCl2 , 0 . 1 67 mM NADH , 20 j.l.g 
dialysed LDH ( 20 Sigma unit s )  and 0 . 1  cm3 of diluted enzyme . The enzyme 
was d ilut ed in 2CJ}b glycerol/deionised distilled water solut ion ( v/v ) at 
0°C . Routine a ssays during enzyme purificat ion were carried out at room 
t emperature usiug a Unicam SP 800 spe ct rophotometer. Kinetic studie s were 

0 carried out at 25 C using a Beclanan ACTA-3 spectrophotemet er . In kinetic 
assays , particularly at low a ctivator and substrate concentrat ions , when 
the reaction wa s started by a ddition of the pyruvate kinas e  sample , a lag 
periou often occurred before a steady rate of NADH oxidat ion was attained . 
Unlike the study on LDH ( Sect ion 2 .4 . 7 )  the lag peri od of pyruvat e  kina s e  
wa s not inve stigated by st opped flow analysis . The pyruvate kinase 
act ivity was e st imated from t he steady rate of NADH oxidation . 

An absorbance change of 1 . 0 unit per minute is used throughout a s  
the measure of enzyme act ivity unle s s  otherwise s tated.� V value s are max 
expre ssed as unit s/cm3 which refers t o  the OD change per minut e that would 
be obtained us ing 1 cm3 o f  the stock purified pyruvate kinas e  s o lution . 

The stock LDH, use d  in the pyruvate kinase a s say system , was a 
suspension in 2 . 1 M ( NH4) 2so4 (1 0 mg/cm3 , 81 5 S igma unit s/mg ) .  The day 
before use the stock LDH was diluted in 2q% ( v/v ) glycerol in 0 .1 M 
triethanolamine/HCl buffer pH 7 . 5 and dialysed against the same buffer 
for fifteen hours to remove the (NH4 ) 2so4 • The LDH wa s then dilute d  
in t h e  glycerol/triethanolamine buffer just prior to use . The twice 
diluted, dialysed LDH wa s used in the a s say system for two days before 
a fre sh diluted and dialysed LDH was prepared . 
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3. 2 .4 Protein Determinations 

Protein was determined by the method of Lawry � �· ( 1 951 ) using 
bovine serum :alburnin as the standard protein .  

The method of e stimating protein concentration by extinction at 

260 nrn and 280 nrn according to the procedure given by Dawson � �· ( 1 969 ) 

was used only for analysis of column fractions to obtain an approximate  

e stimate of  specific activity. 

3 . 2 .5 Polyacrylamide Disc GelJtlectrophoresis 

The polyacrylamide disc  gel electrophoresis technique was the same 

as described for L(+ ) -LDH in Section 2 . 2 . 6 where gels (7% acrylamide , 

0 .1 $% Bisacrylamide , pH 8 . 9 )  were prepared according to the procedure of 
Gabriel ( 1 971 ) . The gels were run only in the tris/glycine buffer system 
of Gabriel (1 9� ) , (Tris , 3 . 0 g/glycine 1 4.4 g/litre deionised distilled 
water, pH 8 . 3 ) .  

3. 2 . 6  Detection of �uvate ��ase Activity on Gels 

The polyacrylamide gels were stained for pyruvate kinase activity 

in the following way . The gels were removed and washed in 0 .1 M 

triethanolamine/HCl buffer pH 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 NADH, 3 mM PEP,  
1 0 mM ADP, 20 mM FDP and 20 IJ.[. S igma LDH/ cm3 all in 1 00 ml\I triethanolamine/ 

HCl buffer pH 7. 5 .  The gels were removed from the activity mixture and 

quickly 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 nitre-blue tetrazolium and 2 mg phenazine metho­

sulphate in 8 cm3 of 1 00 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 7fo acetic acid before being 

stored in 7fo acetic acid in the dark. The pyruvate kinase activity region 

showed as a clear zone against the dark background of reduced nitre-blue 
tetrazoliurn. 

2_. 2 .7 Sodium Dodecyl Sulphate PolyacrYlamide Disc Gel Electrophoresis 

S odium dodecyl sulphate ( SDS ) polyacrylamide disc gel ele ctro­

phoresis was carried out according to the general procedure of Weber 
and O sborn (1 969 ) using 1 q%  acrylamide gels . The modifications to  the 
general procedure have been described in Section 2 . 2 .8 .  



3.3 Ryruvate Kina s e  Purifi�io n  

3 .3 . 1 Growth and Harve s t  of Streptococcu s  la ctis c1 0  

Streptococcus lactis c1 0  was grovm at 30° C in the medium of 

1 30.  

Jago � !:1· (1 971 ) ( s e e  S e ct ion 2 . 3 .1 ) .  Culture s were grown in 51 

conical fla sks conta ining 3 litre s o f  medium without aeration . The pH 

wa s maintained betwe e n  6 .0 and 6 . 5  by p eriodic addit ion o f  2 . 5 M sodium 

hydroxide during growth . 

The cell s  we re harve sted near the e nd of the logarithmic pha s e  o f  

growth by centrifugat ion at 5 , 500 g for fifteen minut e s  at 0° C and washed 

three t imes in 0 . 005 M phosphate buffer pH 7 . 0  conta ining 1 %  NaCl . The 

washed c e lls were stored fro zei> for no longer than s ixteen hours before 

disrupt ion for pyruvate kina se purificat ion . 

Unlike the 1 ( + ) -LDH, where the enzyme activity from cell s  frozen 

for varying periods up to one month showed hardly any de c line , pyruvat e  

kina se activity dropped by 50% aft e r  two weeks of st orage o f  c e lls in the 

fre e z er . Storage o f  cells for even a few days in the fre e z e r ,  while not 

alte ring activity, appeared to rende r the partially purified enzyme 

unstable and thi s  t rend be came more no t i ceable with longer st orage . 

3.3 . 2  Breakage of C e lls 

Cells were thawed and suspende d in 0 . 01 M pho nphate buffer + 
0.05% 2 -mercaptoethanol ( 2-ME) pH 7 .0 and di s rupt ed by two pa s sages 

through an Aminco French pre s sure cell at 5 , 500 lbs per in2
• Unbroken 

cells a nd cell debr i s  were c entrifuged down at 1 3 ,000 g for fifteen minute s  

at 4°C .  All sub s e quent purificat ion step s were carrie d  out at 4° C . 

Strept omyc in Sulphate T reatment 
. 

Nucleic a c ids were prec ip itat e d  from t he cell-fre e  extra ct by 

dropw i s e  addition of streptomyc in sulpha t e  us ing 3 . 0  cm3 of a 1 Q%  ( w/v ) 

solution for every 1 00 mg prote in . The resulting susp e nsion was allowed 

to s tand for two hour s before the prec ipitate wa s remove d  by c entrifuga­

t ion at 1 3 ,000 g for fifteen minute s . 

3·3·± Ammonium Sulphate Pre c ipitat� 

The supernatant after streptomycin sulphate tre atment was 

dialys ed against 0 .01 M pho s phat e  buffer + 0. 1%  2 -ME pH 7 . 0  for fifteen 

hours . Solid p owdered amm onium sulphat e was then added slowly over half 
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an hour to bring the solution to 5Q% saturation and the resulting 

precipitate was then removed immediately by centrifugation at 1 3 , 000 g 

for fifteen minute s .  The concentration of ammonium sulphate in the 

supernatant wa s then increased to 75% saturation over half an hour . The 

precipitate was collected immediately by centrifugation at 1 3 , 000 g for 

fift een minute s  to be redis solved and dialysed for twenty-four hours in 

0 . 01  M phosphate buffer + 0 .1 IV; KCl + 0 .1 %  2-ME pH 6 .7.  

In trial ammonium sulphate pre cipitations of pyruvate kinase it 

was found that the enzyme precipitated in the 50 to 70fo 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 

le ss stable during the two subsequent purification steps . Hence a 50 

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

3.3.5 DEAE-Cellulose Ion Exchange ChromatographY 

A .  Deve lopment of s�able Ion Exchange Purification procedure 

DEAE-Protion as used for 1( + )-LDH purification ( 2 . 3 .5 ) 

was tested for its suitability for pyruvate kina se purification . It was 

found that , to avoid overloading the �e sin, the pyruvate kinase had to be 

a dded to a relatively large volume of resin resulting in a low recovery 

of pyruvate kina se activity ( over 4Q%) . Microgranular DEAE-Cellulose 

(DE 32 ) was used in sub sequent vrork since with this resin smaller volumes 

of resin could be used and dilut ion was not as  great . 

Cellulose allowed greater recovery of activity. 

The use of DEAE-

Trial gradient runs on DEAE-Cellulose were carried out 

us ing a variety of condit ions . Figure 3 .3 . 5 is the gradient run from 

which a stepwi.se elution procedure for pyruvate kinase was developeC. . 

The pyruvate kinase was e lu·� ed earlier in the gradient than LDH but with 

the pyruvat e  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 a s  

follows : 

B .  Stepwise DEAE-Cellulose Purification procedure for pyruvate 

Kinase 

The dialysed sample ( in 0.01 M phosphate buffer + 

0.1  M KCl + 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 1 20 IIIIIIl ) pre-equilibrated in 0.01 M phosphate buffer + 0.1 M KCl + 
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0 . 1% 2-ME pH 6 . 7 .  The column was then washed at a rate of 2 cm3/minute 
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 + 0.1 5 M KCl + 0 .1% 2-ME pH 6 . 6 .  
All fractions containing the pyruvate kinase a t  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 coltunn of packed Biogel A 0 .5  M ( 1 00-200 mesh) 
resin, pre-equilibrated in 0 . 025 M phosphate buffer + 0 .1% 2-hiE pH 7 . 3 .  

In any one gel filtration run, no more than 80 mg total protein in a 
volume of  7 cm3 was added t o  the column. The void volume of the column 
as calculated with glutamate dehydrogenase was 1 53 .4 cm3 and the total 
volume was 307 cm3 a s  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 1 73 to 1 74 cm3 • Figure 3 - 3 . 6  shows a typical gel filtration 
purification of pyruvate kinase . The fractions containing pyruvate kinase  
with specific activity greater than 1 40 units/mg were bulked and concen-
trated to about 2 mg protein/cm3 by ultrafiltration. The concentrate 
was added to an equal volume of deionised distilled water with 0.1% 2-ME 
and then quickly concentrated  by further ultrafiltration to the ������ 
volume . In this way the purified enzyme was obtained in 0.01 25 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 purificat ion 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 
29.% . 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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spec ific activity of cell free extract s from different bat che s o f  cells 
varied only slightly . The final purified sample did show some variation 
in spec ific activity for different preparat ions , due to difference s  in the 
degree of recovery .  ��ere the arr�onium sulphate purification step wa s a 

50 to 7o% cut , a s  ment ioned in Section 3 . 3 .4 ,  the final specific activity 
was 83 units/mg . Two other purifications following the same procedure 
a s  for the prepara t ion summarise d  in Table 3 . 3 gave a final spe c if ic 
activity o f  1 35 and 1 55 units/mg .  



Table 3 . 3  
Summary o f  the purification o f  pyruvate kinase from � ·  lactis c1 0  harvested from 6L of medium 

Total activity Total protein Specific activity Total 
Purification step standard assay purification 

units mg units/mg factor 
_,_ -

Cell free extract i 2 ,800 I 5280 2 .42 -

Streptomycin sulphate 

supernatant 1 3  ' 1  00 5000 2 . 5 2  1 .08 

Ammonium sulphate 50-?5% 

redissolved precipitate 8 , 700 1 64.0 5 . 25 2 .1 8 

DEAE-Cellulose bulked high 

specific activity fractions 5 ,450 1 24 44.0 1 8 .05 

Gel filtration bulked high 

specific act ivity fractions 3 , 700 24 . 6 1 50 .0  62 . 0  

Percent 
recovery 

-
· -

-

68 

42 

2 9  

_.. 
VI 0"\ . 
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All studies on the properties of the pyruvate kinase,  except where 
specifically mentioned, were carried 
specific activity of between 

enzyme purified to  a 
The concentrated 

purified enzyme from the gel filtration step wa s immediately diluted to 
a protein concentration of approximately 1 . 0 mg/cm3 • The diluent con-
tained glycerol and MgC12 such that the enzyme was in a 0 . 005 M phosphate 
buffer pH 7 . 0  containing 50ft glycerol ( v/v) + 0 .005 M MgC12 + 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 4°C .  The 
samples stored at 4°C were used within two weeks . The activity over the 
two weeks remained constant . Samp� 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 4°C 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 . 

All kinetic assays used 0 .1 cm3 of the purified enzyme in the 
stabilizing buffer de scribed above which was diluted at least by 1 : 20  
with a 2q% glycerol/deionised distilled water solution (v/v ) at 0°C . The 
enzyme diluted in 2Wo glycerol was stable for ten hours but , when assayed 
24-30 hours after initial dilution, activity had dropped by 20 to 30fo. 
Therefore the diluted e nzyme vms not used for periods of longer than ten 
hours after dilution . The dilution 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 5ofo glycerol/water solution to the assay 
mixt�re did not alter activity . For the different assay conditions , the 
purified pyruvate kinase appeared to be completely stable over the a ssay 
period ( up to six minutes ) .  

It was also e stablished 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  kina se , it is possible that the LDH could become limiting . 
However, under such conditions it was shown that addition of a 2 fold 
excess  of  LDH did not alter the rate . 



3.4 .1 Polyacrylamide Disc Gel Electrophore sis 
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Polyacrylamide disc gel electrophoresis was carried out on the 

purified pyruvate kinase sample ( specific activity 1 55 units/mg) .  The 

gels were run in tris/glycine ( 3  g tris/1 4.4 g glycine/litre distilled 

water) buffer pH 8 . 3 .  In Figure 3 .4.1  the photograph shows that the 

purified pyruvate kinase runs a s  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 c orrosponds to the major protein stain of 

gel 1 .  

gel 2 .  
The activity stain was allowed to develop for sixty minute s  in 

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 present if the gel was allowed to remain in the 

activity mixture for 2� hours . 

specific for pyruvate kinase . 

Hence the activity stain appears to  be 

3.4.1 . 1  Sodium dodecyl sulphate polyacrylamide disc gel electrophoresis 

Sodium dodecyl sulphate ( SDS ) 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 ��o SDS treated pyruvate kinase samples and a series of standard 

proteins (SDS treated) of kno1vn subunit molecular weight . The relative 

mobilities of the standard proteins and pyruvate kinase were calculated 

by the method of Weber and Osborn (1 969 ) . 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 . 1 a where the points for each of the standard proteins 

represent the average relative mobility from the three separate runs .  

From the relative mobilities  o f  six gel samples the average value obtained 

for the pyruvate kinase subunit molecular weight was 60, 750 .  

from individual gels ranged from 59 ,000 to 62 ,000 .  

Values 

Figure 2 .4 . 1  . 1 b shows three SDS polyacrylamide gels run with 20, 

30 and 50  �g ( from left to right ) of purified pyruvate kinase and then 

stained for protein . One maj or band of protein is evident and additional 

faint minor prote in stains appear only when the gel is loaded with 50 �g 

of the purified pyruvate kinase . 



F igure 3.4.1 . 1 a  
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The standard curve shown was obtained by plotting the relative mobil ities (calculated by 
method of Weber and Osborn , 1 969) of the standard proteins against log of their molecular 
weight. The point for each standard protein represents the average relative mobil it ies from 
three separate runs. The arrow indicates the average relative mobil ity of the S. lactis , 
pyruvate k inase from 6 gel samples and this position corresponds to a molecular weight of 
60, 750. The standard proteins are: Bovine Serum Albumin ( Fiuka) ;  Catalase ( Bovine l iver, 
Sigma); G lutamate Dehydrogenase (Type I Bovine l iver, Sigma) ;  Ovalbum i'n (Sigma) ;  
Aldolase ( Rabbit muscle, Sigma);  Lactate Dehydrogenase ( Rabbit muscle type 1 1 , Sigma ) ;  
Carboxypeptidase A ( Bovine pa ncreas, Sigma) . The molecular weights of the standard pro­
teins were obtained from Weber and Osborn ( 1 969) . 20 �Jg of each of the standard proteins 
was used. 
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Figure 3 .4 .1 

Polyacrylamide Disc Gel Electrophoresis 

The gels were run in tris/glycine buffer pH 8 .3 . 40 �g 

of the purified pyruvate kinase sample was added to each 

gel . The gels are numbered from left to right . 

Gel 1 

Gel 2 

Protein stain 

Pyruvate kinase activity stain 

Figure 3 .4. 1  . 1 b 

SDS Polyacrylamide Disc Gel Electrophoresis 

The purified pyruvate kinase samples ,  denatured with SDS , 

were run in the conditions as described by Weber and 

Osborn (1 969 ) . 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 �g ) ;  gel 2 (30 �g ) 

and gel 3 (50 �g) .  
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Thus the evidence from polyacrylamide gel electrophoresis of 
both the active enzyme and the SDS treated enzyme indicate s  that the 
pyruvat e  kinase from s .  lactis c1 0 has been purified to near homogeneity . 

3.4. 2  Molecular Weight Determination of pyruvate Kinase by Equilibrium 
Sedimentation 

The S . lactis c1 0 pyruvate kinase sample used for the molecular 
weight determination was a solution with a specific activity of 1 55 units/mg 
( 1 . 35 mg protein/cm3 ) in 25 mM phosphate buffer (KH2PO�Na0H) + 0 .05% 2-ME, 
pH 7.5 . The Beckman Model E 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 £• lactis 
c1 0 pyruvate kina se sample . 'l'hc "Long-Column Meniscus Depletion Sedimenta­
tion Equilibrium Technique '' de scribed by Chervenka ( 1 970) 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 L >Y  
versus r2 to be made ( symbols a s  in the formula of  Chervenka , 1 970 ) .  

In Figure 3 .4 .2  a plot of log L. \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 ,1 40. The 

2 linearity of the log :.. y versus r 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 �· lactis c1 0 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 p�ate kinase from !• � (Waygood and Sanwal, 
1 974) 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 , 1 966) and rat liver (Tanaka � �. , 1 967) are similar 
to the �· £21i enzyme . The yeast pyruvate kina se also exists as a tetra­
meric structure . Kuczenski and Suelter (1 970) showed that the Saccharomyces 
cerevisiae pyruvate kinase had a molecular weight of 1 67,000 and a subunit 
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MO LECU LA R  W E I G HT D ET E R M I NATIONS O F  PYR UVATE K I N ASE BY EQU I L IBR I U M  SED I ME NTATION 

3.8 

3.6 

> 
<1 3.4 

C) 
0 ...J 

3.2 

3.0 

2.8�----��----�----�------,-----�------�----�------+ 

48.8 49.2 49.6 50.0 

r2 

A plot of log D. y versus r2 is shown obtai ned from an Analytical Ultracentrifuge run on 
the purified pyruvate k i nase sample (Specific activity 1 55 u n its/mg; 1 .35 mg protein/ 
cm3) .  Sample was in 25 mM phosphate buffer + 0.05% 2-M E pH 7.5. The molecular 
weight calculated ( using the value of the slope from the plot) from the formula (Cher­
venka, 1 970) was 235, 1 40. 

50.4 

.... 
.j:"" (\) 
. 



1 43 .  

molecular weight of 42 , 000 . Bormann � �. (1 9��)  reported for the yeast , 

Sacs.Q_aromyces carlsbergensis,  molecular weights of 1 90 ,000 and 48 , 000 

for the native protein and ·l;he subunit of pyruvate kino se . 

The pyruvate kinase-II from §. • faecalis (Wittenberger i1. �· , 
1 973 ) ,  which is activated by FDP1 was reported in a preliminary 

communication to  have a molecular weight of 1 00 , 000 . This is 

apparently a much smaller enzyme than the FOP-activated pyruvate 

kinase from �·  lactis �O (molecular weight of 235 , 000) . 

3 .4.3 Effect of pH and Buffer Component s on fyruvate Kinase A��ivitx 

The activity of � · }�ct is �O pyruvate kinase over a pH range in 

80 mM triethanolamine/HCl,  80 mM tris/maleate , 80 mM imid.azole/HCl and 

80 mM phosphate buffer was investigated under otherwise standard assay 

conditions . 

The optimum pH in triethanolamino/HCl buffer was 7.5 ( Figure 

3 .4 . 3a ) .  The a ctivity in imidazolo/HCl buffer was slightly less than 

in triethanolamine/HCl buffer particularly at pH values on the a c id side 

of the pH optimum . The pyruvate kinases  from ]·  licheniformis 

('1\lo.minen and Bernlohr , 1 971 b ) ,  �· ,S.ili (Maeba and Sanwal, 1 968 ) ancl 

�· lactis ML3 ( Collins ancl Thomas ,  1 974 ) are reported to have a broad pH 

optimum in the region of 7 .0 to 7 . 5 ,  sliJilar to that obtained for 

£ . lastis c1 0 • The mammalian 1 type enzyme (Bailey � �. ,  1 968 ) also 

has a similar pH optimum of 7 . 0  to 7 . 5 ,  wherease the yeast enzyme 

(Hunsley and Suelter , 1 969 ) h8.s A pH optimum of 6 . 2 .  

In 80 mM tris/maleate 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/HCl 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 •51 
value (the concentration of tris required to give 5�fo inhibition of 

activity) is 22 mM and maleic acid 0 •5I is ohly slightly higher at 30 mM .  
Tris and maleic acid both give biphasic Hill plots .  At higher concentra­

tions the Hill interaction coefficient (�) of -3 .0  indicate s  that both 

inhibitors are acting in a co-operative manner.  The pyruvat e  kinases 
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Figure 3.4.3a EFFECT OF pH ON PYRUVATE KINASE ACTIVITY 
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The effect of pH on pyruvate kinase activity is shown in triethanolamine/HC1 buffer (e) 
and in imidazole/HCI buffer (a). The reaction mixture contained (in a total volume of 
3 cm3): 80 mM buff,..; 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 pHs of the two buffers used in the 
reaction mixture were varied as shown in the Figure. 
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Figure 3.4.3b HILL PLOTS SHOWING TRIS, MALEATE AND PHOSPHATE 

INHIBITION 

0.5 1.0 5.0 10.0 50.0 

mM PHOSPHATE OR mM TRIS or mM MALEATE 

The Hill plots (log vNmax·Y versus log inhibitor concentration) are shown for the inhib· 
iton: Tris I•); Maleate ( .&. ) and Phosphate l e ). 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; 1 3.3 mM KCI and 0.1 cm3 of diluted enzyma. 
The inhibitor concentrations wwe varied as shown in the ftgure. The inhibitors were 
adjusted to pH 7.5 with the triethanolamine/HCI buffer components. 
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of �· licheniformis (Tuominen and Bernlohr, 1 971 b ) and of rabbit muscle 

( Betts and Evans , 1 968 ) have been reported to be slightly inhibited by 

tris but to a much les ser extent than found for the £·  lacti� c1 0 pyruvate 

kinase . 

Pyruvate kinase activity was not detectable in 80 mM 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 (� = · -3 . 0 ) over the whole range of phosphate 

concentrations tried and the conc(intration of phosphate giving 5C% 

inhibition of activity is  0 . 65 mM , a value significantly lower than for 

tris or maleate . Inorganic phosphate was found to be a potent inhibitor 

of pyruvate kinase from �· _1�£_-tj-s ML3 (Collins and Thomas ,  1 974 ) and from 

�· ljcheniformis (Tuominen and Bernlohr , 1 971 b ) .  On the other hand 

Flory £1 .!ib ·  ( 1 974) showed that the rat liver pyruvate kinas e  type L was 

not inhibited by 50 mM phosphate . Ko ster and Hulsmann (1 970 ) studied the 

L-type pyruvate kinase from rat liver and Staal et al. ( 1 971 ) studied the 

human erythrocyte enzyme . Both groups of workers found that inorganic 

phosphate and phosphorylated hexoses w·ere allosteric activators of the 

two enzymes . This act ivation effect of inorganic phosphate on two 

mammalian pyruvate kinases (1-type ) is in marked contrast t o  the inhibition 

of the �· lactis pyruvate kinase by phosphate . 

All further properties of �· lactis � O pyruvate kinase were 

studied in triethanolamine/HCl buffer pH 7 . 5 , unless  otherwise mentioned . 

Since the inhibition e ffect of phosphate could be of pos s ible physio­

logical significance it was further investigated as described in a later 

section . 

3 .4.4 FDP-Activation and the Effect of PEP, ADP and Mg++;K+ 
Concentrations on FDF-Activation . 

One of  the reasons for studying the S . lactis c1 0 pyruvate kinase 

was to investigate the FDP requirement of the enzyme and compare it to 

the FDP requirement of the 1(+ ) -LDH from .§.• lactis  c1 0 studied in Section 

2 of this thesis . Therefore the FDP-activation of the pyruvP tc kinase 

was studied under a variety of' conditions . The conditions included 

different PEP, ADP and K+/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 
yea st (Johannes and He s s ,  1 973 ) ,  erythrocytes (Garreau and Buc-Temkine , 
1 972 ) and rat liver (Van Berkel � �. , 1 974) have shown that the affinity 
of the enzyme for FDP is altered by an increase in the PEP concentration . 
Van Berkel � �· ( 1 974 )  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 � �· This 
conclusion was in direct contrast to tl�t of Koster et �· (1 972 ) who con­
cluded that pyruvate kinase activity was not r�gulated � �� by FDP .  
Thi s latter work was done at high PEP concentration and in the absence of 
MgATP and alanine . Therefore the importance of studying the �inetic 
parameters under a wide range of conditions is evident . 

Throughout the work on S .  lactis � O  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 3 .4 . 1 at the end of the thesis . 

�4.4.1 The effect of PEP concentrations on FDP-activation 

FDP concentration was varied at four different PEP concentrations 
under otherwise standard assay conditions ( 80 mM triet�nolamine/HCl 
buffer pH 7 . 5 ,  3 .3 ml� ADP, 1 3 .3  mM KCl and 3 .3 mM MgC12) .  Figure 3 .4.4.1 a 
shows that the pyruvate  kinase activity was a s igmoidal function of FDP 
concentration at the four PEP concentrations . Hill plots of the same 
data are shown in Figure 3 .4.4.1 b .  The Hill interaction coefficient 
(� = 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 0.1 6  to 0. 29  mM .  Pyruvate kinase had 
an absolute requirement for FDP for activity at the four PEP concentrations 
used .  

3.4.4. 2 The effect of ADP and Mg++;K+ concentrations on FDP-activat� 

FDP was varied at four different ADP c oncentrations under otherwise 
standard assay conditions ( 1 3 . 3  mM KCl, 3 . 3  mM MgC12 and 1 mM PEP) . 
The FDP c oncentration was also varied at three different ADP concentra­
tions at an increased cation concentration , i . e . using 80 mM KCl rather 
than 1 3 .3  mM and 8 mM MgC12 rather than 3 . 3  mM . The data were plotted 
a s  Hill plots and the results obtained from these are summarised in 
Table 3 .4 .4.2 .  
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Figure 3.4.4.1 :  a and b 
EFFECT OF PEP CONCENTRATION ON FOP ACTIVATION 

mM PEP 

. 1.0 

•o.6 

... 0.4 

00.2 

Figure a v versus mM FOP 

0.4 

nH 

= 2.5 

= 2.6 

- 2.6 

- 2.6 

0.6 

mM FOP 

Figure b Hill plot. 

FOP 0.5V 

• 0.16 mM FOP 

• 0.18 mM FOP 

• 0.21 mM FOP 

• 0.29 mM FOP. 

0.06 O.l 

m M FOP 

1.0 2.0 

0.5 1.0 

The relationship between the pyruvate kinase activity (v, units/cm3) of �C10 and 
FOP concentration (mM FOP), at four difftrent concentrations of PEP, is shown in 
Figure a. Figure b is a Hill plot (log v/V max ·Y venus k>g FOP) of the data shown in 
Figure a. The Vmax values used in the Hill ptou were the respective activities at 1 mM 
FOP. The reaction mixture contained (in a total volume of 3 cm3): 80 mM triethanol· 
omine/HCI buffer pH 7.5; 3.3 mM ADP; 3.3 mM MgCI2; 13.3 mM KCi ond 0.1 cm3 of 
diluted enzyme. The FOP 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: .o., 0.4 mM PEP; Q, 0.2 mM PEP. 
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9_oncentrri� ions on FDP activntia� 

The FDP concentration was varied at four different ADP concen­

trations at otherwise standard assay conditions : 80 r.M triethanolamine/ 

HCl buffer pH 7 . 5 ; 1 3 . 3 mM KCl/3 .3 mM MgC12 ; 1 mM PEP and 0. 1  cm3 

diluted enzyme . The FDP concentration was also varied at three different 

ADP concentrations in the presence of an increased cation concentration of 

80 mM KCl and 8 hlM MgC12 • The data were plotted as  Hill plots and the 

results obtained from these  are summarised below . The V values max 
used in the Hill plots were obtained from the y intercepts of double 

reciprocal plots .  

ADP concentration V 
max 

(mM) (units/cm3 ) 
Hill interaction coefficient FDP 0•5V 

(!1J) (mM) 

At 13.3 mM KCl/3.3 mM MgC12 

6 . 67 58 . 0 1 . 90 0 .30 

3 ·33 85 . 0 1 . 95 0 .1 6 

1 .oo 56 . 0 1 . 90 0 . 08 

0 . 30 26 . 0 1 . 90 0 .07 

At 80 mM KCl/8 mM MgC12 

6 . 67 1 40 . 0  1 . 85 0.1 3 

1 .00 1 30 . 0  1 . 85 0. 1 2 

0 .30 72 . 0 1 . 85 0 . 1 0 
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The Hill interaction coefficient ( �) for FDP-activation at all 
ADP concentrations and with the two different KCl/MgC12 concentrations 
had a constant value of 1 . 9  : 0 . 05 . This indicates that the co­
operativity of FDP-activation is independent of ADP or KCl/MgC12 
concentrations . However the l).r of 1 . 9  differs from the value reported 
in Sect ion 3 .4.4 . 1  where lJJ: was found to be 2 .5 to 2 . 6 .  A possible 
explanat ion is that although the two sets o f  data were determined on the 
same enzyme sample , the data for the plots shown in Figure 3 .4.4.1 b were 
determined on freshly purified enzyme whereas the data given in Table 
3 .4.4. 2 were determined on the same enzyme sample stored in the refrig­
erator for one week . The lJJ: 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 re sults obt�ined from another pyruvate 
kinase  preparation having a liill interaction coefficient of 2 . 7 when a 

freshly purified sample was use� and ten days later when similar 
determinations were made the Hill interaction coefficient for FDP w�s 2 .0. 

At the low metal ion concentrations of 1 3 . 3 rnM KCl/3 .3  mM MgC12 
the FDP 0 •5V value s decreased with decreasing ADP concentrations ( c . f . the 
oppos ite  effect of PEP concentration on FDP activation) .  The high ADP 
concentration of 6 . 7  mM (where V = 58 units/cm3 ) appeared to inhibit max 
activity since V at 3 . 3 rrili'I ADP was 85 . 0 units/cm3 . The use of higher max 
K

+
/Mg++ concentration abolished the large difference s in the FDP O .SV 

value s at the different ADP concentration although the same general trend 
was apparent . It should bo noted that at the high metal ion concentration 
a very low level of activity v:a s detectable in the absence of FDP. 

The results obtained in the present study are in general agreement 
with the findings of Collins and Thomas (1 974)  for the pyruvate kinase 
of §_. lactis ML3 except for the effect of ADP on activity. Thus they 
found that decreasing PEP concentration increased the FDP O .SV value . 
They obtained a value for FDP O.SV of 0 . 07 mM FDP at 2 mM PEP which can 
be c ompared with the ·value of  0 .1 3  mM FDP at 1 mM PEP obtained in the 
present study . However, they found that decreasing ADP concentration 
also increased the FDP O.SV 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 s ections . 
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Comparison of results obtained in the pre sent study with those 

obtained from the pyruvate kinases of other organisms reveals a 
significant difference in tho dependence of FDP activation on PEP 

concentration . Both the FDP-activated pyruvate kinase of �· ££1i 
(Waygood and Sanwal, 1 974) ancl the L-type pyruvate kinase of rn.t liver 

( Taylor and Bailey, 1 967 ; Van Berkel � El,. ,  1 974) show a transition 
from a sigmoidal response to FDP at low PEP concentration to a hyperbolic 
response to FDP at high PEP concentration . The �·  �ctis c1 O pyruvate 

kinase activity showed a sigmo idal response to FDP over the whole range 

of  PEP concentrations used and the interaction coefficient did not change 
significantly over this range . Furthermore the �· � pyruvate kinase 
and the mammalian enzymes (L-type ) showed some activity in the absence of 

FDP while under comparable conditions with £• lactis � O  pyruvate kinase 
showed no activity in the absence of FDP except for very slight activity 
at the high P.l.etal ion concentration . The pyruvate kinase from S .  lactis 
ML3 studied by Collins and 'l'homas ( 1 974) clid 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 l<'DP the S .  lactis ML3 enzyme showed only slight activity at 2 mM PEP 
and increased in activity with increasing PEP concentrations , up ··�o 
8 .0 mM PEP. 

3 .4.5 Response of fY.�vate Kinase to VapYing PEP Concentratio� 

.3 .4 .5 . 1  The effect of F:Qf and K+ /:Mg ++ concentration on t l�ELF,.P.E.£._0nse 

to varying PEP 9oncentra� 

Figures 3 .4 .5 . 1 a ,  b ,  c 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 s igmoidal 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 0•5V) was essentially 

the same at the two different K
+
/Mg++ concentrations used . At both metal 

ion concentrations decreasing the FDP concentration from 1 . o  to 0.1 5 mM 
increased both the PEP 0 •5V values and the � values and decreased the 

V values .  The difference between the two metal ion c oncentrations max 
was that the higher metal ion concentration increased the reaction 
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80 mM KCI/8 mM MgCI2 
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Figure d 

80 mM KCI/8 mM MgCI2 Hill plot 
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PEP 0.5V Hill interaction coefficient (nH) mM FOP PEP 0.5V Hill interaction coefficient (nH) 

• 0.11 mM PEP nH • 1 .37 .1.00 a 0.11 mM PEP 

= 0.16 mM PEP nH = 1 .47 �0.40 = 0.15 mM PEP 

• 0.28 mM PEP nH = 1 .70 00.15 = 0.32 mM PEP 

• 0.38 mM PEP nH • 1.92 

The relationship between the pyruvate kinase activity (v, uniU/cm3) of �C10 and 
PEP concentration (mM PEP) with different concentrations of FOP 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 ard d are Hill plots (log vJV max -v versus log 
PEP) of the data shown in Ftgure 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): SO mM triethanolamine/HCI 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 FOP concentrations and at two different 
metal ion concentrations. The different FOP concentrattons are: e, 1 mM FOP; .&. • 
0.4 mM FOP; •· 0.25 mM FOP; 0, 0.15 mM FOP. 

nH • 1.09 

nH = 1 .35 

OH -= 1.50 

1 51 

1.0 



1 52 .  

velocity approximately 2 fold and suppres sed the sigmoidal nature of 

the saturation curve to a certain extent . 

The finding that FDP affe ct s the nature of the PEP saturation 

curve , changing it to a progre ssively le ss  sigmoidal form as the FDP 

c oncentrat ion is raised appears to be a general trend for all FDP­

activated pyruvate kinases . Thus the same trend has been found for 

§ .  lactis ML3 pyruvate kina se ( Collins and Thomas , 1 974) ,  �· £21i pyruvate 

kinase (Waygood and Sanwal , 1 974) and mammalian type-L pyruvate kinase 

( Carminatti � �· , 1 968 ; Rozengurt � �· , 1 969 and Irving and William s ,  

1 973 ) .  
Although the form o f  response to varying PEP is thus s£milar for 

pyruvate kinases (FDP-activated) from most organisms ,  the concentration 

of PEP required for half maximum velocity (PEP O.SV) shows some 

difference from one organism to another. Results for other FDP­

activated pyruvate  kinase s are tabulated below . 

Source of pyruvate kinase 

Liver type-L 

no FDP 

Fully saturating FDP 

E .  coli 
- -

no FDP 

}1ully saturating FDP 

� .  lactis ML3 
no FDP 

Fully saturating FDP 

PEP 0.5V 

o . G mM 
0 .06 mM 

4 mM 

0 . 03 mM 

4 mM 
0 .1 4 mM 

Reference 

Taylor and Bailey ( 1 967 ) 

Waygood and Sanwal ( 1 974) 

Collins and Thomas ( 1 971.,_ ) 

A very brief report on the FDP activated pyruvate kinase from 

S .  fae calis (Wittenberger � �. , 1 973 , available in abstract form only) 

give s a PEP O .SV value of 0.4 mM, pre sumably at saturating FDP. 

The PEP O.SV value for the fully activated � · lactis c1 0 pyruvate 

kinase ( 0 .1 1 mM) agrees  fairly well with that obtained by Collins and 

Thomas ( 1 974) ,  (0.1 4 mM PEP) . Since very little activity was detectable 

with the �· lactis � O pyruvate kinase in the absence of FDP, a figure 

without FDP present was not obtained. At the lowest concentration of 

FDP used the PEP 0• 5V was 0.38 mM. 
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The effect of ADP and K+/Mg++ concentration on PEP activation 

The relationships between the activity of �· lactis c1 0  pyruvate 

kinase and PEP concentration at different concentrations of ADP, 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 , 1 974) .  Thus the PEP 0•5V 
value dropped from 0. 21 to  0. ·1 1 mM a s  the ADP concentration was decreased 

from 6 . 67 mM to 0.3 mM . 'l'he 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 Thomt:.. s ( 1 974 ) on §_. lactis 1113 
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 �u ) used resulted in an increase in the PEP 0 •5v 
value (although it did not inhibit V as  occurred at low metal ion max 
concentrations ) .  However over a lower ADP range ( from 1 . 0 to 0.3  mM) the 

PEP 0 •5V value did increase with decreasing ADP as found by Collins and 

Thomas (1 974 ) .  As in the presence of the low metal ion concentration,  

varying ADP doe s  not affect the Hill interaction coefficient for PEP. 

The enzyme did show slight sigmoidal behaviour in response to  vary­

ing PEP at the low metal concentration (� = 1 .4) , but no sigmoidal 

behaviour was evident at the high metal concentration (� = 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 s ignificantly lower than the saturating concentration and to 

a les ser 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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The PEP concentration was varied at four different ADP con­
centrations at othernise standard assay conditions : 80 nM triethanolamine/ 
HCl buffer pH 7. 5 ; 1 3 . 3  m.VJ KCl/3 .3 mM MgC12 ; 1 mM FDP and 0 .1 cm3 

diluted enzyme . The PEP concentration was also varied at three different 
ADP concentrations in th& presence of an increased cation concentration of 
80 mM KCl and 8 mM MgCl2 • �'he data were plotted as Hill plots and the 
results obtained fron: these o. ro SUL'lJMrised below . The V values used h1aX 
in the Hill plots were obtained from tho y intercepts of double reciprocal 
plots . 

ADP concentro t ion 
(mM) 

6 . 67 
3 .33 
1 .oo 
0 .30 

6 .67 
1 . 00 
0 . 30 

V Hill interaction fJaX 
(units/er} )  (�) 

At 1).3 oM KCl/) .3 mM MgC12 

96 .0 1 .4 
1 1  o . o 1 .4 
95 .0 1 .4 
60. 0 1 .4 

At 80 oM KCl/8 r:JM MgC12 
270 .0 0.95 
1 30. 0 1 .o  
83 .0 1 . o  

coefficient PEP 0.5V 
(mM) 

0 .21 
0 . 14  
0. 1 1 
0 .1 1 

0 .1 9 
0.1 0  
0. 1 5 
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3.4. 6 Response of fYruva��ase to Va£Ying ADP Concentra� 

An important consideration when studying the kinetic response of 
pyruvate kinase to varying ADP concentrations is whether ADP is binding 
as  ADP Mg- , ADp3- or a combination of the two forms . Cleland ( 1 967) has 
stated that the nucleos ide 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 ( 1 972 ) have concluded that free 
ADP alone is the nucleotide substrate of yeast pyruvate kinase . They 
showed that the reaction �cchanism is an ordered Tri Bi mechanism 
( Cleland, 1 963 ) .  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. Macf'arlane and Ainsworth 
point out that such a reaction mechanism provides an understanding of 
the sequence of event s at the active sit e .  " In solution Mg++ is bound 
between the ot,- and 13 -phosphate groups of ADP and the !i - and �-groups 

/ � 

of ATP ( Cohn a.nd Hughes ,  1 960 , 1 962 ; Hamms et .§1. , 1 961 ) .  Thus if MgADP 
were to be a substrate there would be s ome difficulty in explaining the 
shift in position of Mg++ during reaction . However,  the separate binding 
of Mg++ readily suggests that that cation bridges thG phosphate group of 
phosphoenolpyruvate and the terminal phosphate group of ADP, assisting the 
phosphorylation of the latter , and ultimately being eliminated bound 
between the P- and (�-phosphate groups of ATP. "  

The same workers , in studying the kinetics of the rabbit muscle 
pyruvate kinase (Ainsworth and Macfarlane , 1 973 ), demonstrated a different 
kinetic mechanism , but , again concluded that ADp3-, and not MgADP- , was 
the nucleotide substrate . 
" • • •  the reaction mechanism 
the substrates and products 
the other hand, Mildvan and 

Their experimental results indicate that 
is equilibrium random-order in type and that 

++ are PEP, ADP, Mg , pyruvate and MgATP" . On 
Cohn ( 1 966 ) also studying the rabbit muscle 

pyruvate kinase reaction but ��th Mn++ replacing Mg++ suggested that 
ADP binds to the enzyme in a combination of the two fonms (i . e .  ADp3-

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 . 
C onsequently in the kinetic studies of pyruvate kinase form 2_. lac·tis c1 0 
t he concentrations of the nucleotide will be expressed as  simply ADP. 
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This use o f  the tenn aADP" implies that the active specie s  o f  the 

adenine dinucleotide is unknown and may be ADp3-, MgADP- or a combination 

of' the two . From the diverse and of�en conflicting results concerning 

the reaction mechanism , it 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'1 was 

adequate . 

The effect of FDP concentration on ADP binding to  the S .  lactis 

J?..Yruvate kina� 

Figure 3 .4 . 6 .1 shows the relationship between pyruvate kinase 

a ctivity and ADP concentration at three different concentrations of FDP 
using otherwise standard assay conditions . The relationship is shown 

a s  Hill plots where log v/V -v is  plotted against log ADP. max 
The relationship between pyruvate  kinase activity and ADP con-

centration changes from normal Michaelis-Menten kinetics to  allosteric 

kinetics when the FDP concentration is sufficiently low ; the � value 

for ADP binding is 1 . 0 at F'DP concentrations of 1 . 0 and 0 . 25 mM ,  but at 

0 .1 mM FDP the � value increases to 1 .5 . Hence at low FDP concentrat ions , 

ADP can bind to the enzyme in a positive co-operative manner. This appears 

to be a distinctive property of the pyruvate kinase from §_ . lactis , as all 

other pyruvate kinases  show normal Michaelis-Menten kinetics under all 

conditions , e .g . rat liver 1-type ( Carminatti et al. , 1 968 ) ;  �· ££1!, 
FDP activated enzyme (Waygood and Sanwal,  1 974) .  

This co-operativity of ADP binding is however much weaker 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 li'DP concentration of  

0 . 25 m1i the PEP binds t o  give a Hill interaction coefficient value of  
1 . 7 ,  whereas under similar conditions and at  the same ��p concentration 
ADP binds in a non-allosteric manner as the Hill interaction coefficient 
is 1 . o .  Collins and Thomas (1 974) 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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A s  the concentration o f  FDP i s  decreased the ADP concentration 
required to give half maximum activity (ADP 0• 5V) increases slightly from 
1 .3 mM (FDP = 1 .0 mM) to 2 .1 mM ADP (FDP = 0.1 rrlli1 ) , 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 V value s used for calculating the Hill plot value s max 
were obtained by linear extrapolation of the Lineweaver-Burk plots to  
the 1/v axis . 

3 .4. 6 . 2 The effect of �p 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 line s ,  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 , max 
versus the respective PEP concentration, is shown in Figure }.4 .6 . 2b. 
The KM for PEP ob:ilainad - :erOIU .  this-. second.ary--pJ.ot is 0 .1 3  mM PEP .  At all 
conc�ntratiom · ·of PEP used the reciproca1 plots showQd no indication of a 
s igmoidal relationship between reaction velocity and- ADP concentrations . 
Hill plot s ,  using the same data , all gave � values of 1 .0 to 1 .1 .  

Collins and Thomas ( 1 974) found for the §_. lactis r.113 pyruvate kinase 
that the � values for PEP and ADP in the pre sence of 2 ml':l ADP were 0 .1 7 and 
1 mM, respectively;  the se values compare well with the values obtained for 
the S .  lactis c1 0 pyruvate kinase ( 0 .1 3 mM PEP and 1 .2 to 1 .3 mM ADP) . 

Pyruvate kinases from mammalian source s  tend to have lower Yli 
�alues for ADP, e . g .  0.2 to 0 .4 mM for rat liver , L-type pyruvate kinase 
( Carminatt i  � !!.1• , 1 963 ) . The pyruvate kinase from E .  coli also has a 
lower KM for ADP ( 0 . 24 mH) at saturating FDP. 
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Figure 3.4.6.1 

EFFECT OF FOP CONCENTRATION ON ADP ACTIVATION 

Hill Plot 

e ADP 0.5V • 1.3 mM ADP 

5.0 o ADP 0.5V = 2.0 mM ADP 
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The relationship between the pyruvate kinase activity lv) of � C10 and ADP con· 
centration, at three different concentrations of FOP, is shown in the Figure as a Hill plot 
(log vNmax ·V Y&rsus log ADP). The raac::tion mixture contained (in a total volume of 
3 cm3):  80 mM triethanolamine/HCI buffer pH 7 .5; 1 .0 mM PEP; 13.3 mM KC I; 3.3 
mM MgCI2 and 0.1 cm3 of diluted enzyme. The ADP concentrations were varied as 
shown in the Figure at three different FOP concentrations. The ttvee different FOP con· 
centrations are: e, 1 mM FOP; a .  0.25 mM FOP: Q, 0.1 mM FOP. The Vmax values 
used for calculating the Hill plot values were obtained by linear extrapolation of the 
Lineweaver..Surk plou to the 1/v axis. 

Figure 3.4.6.2: a and b 

EFFECT OF PEP CONCENTRATION ON ADP BINDING 

Figure a ADP Binding 

mM PEP 

0.10 '":" 0.015 
;;; E 

0.15 i z 0.010 

0.25 K e � 

Ftgure b PEP Binding 

Secondary Plot 

0.40 0.005 KM • 0.13 mM PEP 

1.00 

0 

4 8 
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The reaction mixture contained (in a total volume of 3 cml): 80 mM trtethanolamine/ 
HCI boffor pH 7.5; 1.0 mM FOP; 13.3 mM KCI; 3.3 mM MgCI2 end 0.1 cm3 diluted 
enzyme. The ADP concentrations wa-e varied u 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, uniU/cm3) versus the reciprocal of ADP concentration. Figure b 
is a secondary plot of the data in Figure a where the reciprocal of the Vmax values (deter· 
mined from Figure a) are plotted against the reciprocal of the 5 respective PEP 
concentrations. 

8 

1/PEP (mM -1 ) 
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3 .4.7 The Effect o f  Guanosine 51 -Diphosphate (GDP) o�Q· lactis c1 0 
f'Yruvate Kinase A_2tivity 

Waygood and Sanwal (1 974) in studying the �0 � pyruvate kinase , 
activated by FDP, folmd that the nucleotides ,  ADP, GDP, UDP, IDP and 
CDP can act as phosphate acceptors in the react ion, and of these GDP 

had the lowest KM value (0 .05 rniVI) c . f .  ADP with a � of 0. 24 mM . Though 
GDP was the best phosphate acceptor ,  it did show substrate inhibition at 
levels higher than 0 . �  to 0 .05 �� . IDP and CDP also showed substrate 
inhibition but only at concentrations higher than 2 mM . The remaining 
nucleotides ,  ADP and UDP, gave no inhibition up to concentrations of 1 0 mM . 
In view of these findings for the �· � enzyme it was decided to 
investigate the a ctivity of the §.. lactis c1 0 pyruvate kinase when GDP 

was used as the phosphate acceptor of the reaction .  
The GDP concentration was varied in the standard assay system 

( 1 ml\'1 PEP,  1 • 0 mM FDP, 80 mM triethn.nolamine/HCl buffer pH 7 .  5 and 1 3 . 3 mM 
KCl/3 . 33 mM MgC12 ) . Son-:e activity was obtained in the absence of FDP but 
the activity with 1 . o mM GDP in the absence of FDP was only 5% of that 
o btained when 1 mM FDP vm :::; present . In Figure 3 .4 .7a and b the relation-
ship between pyruvate kinase activity and GDP concentration is shown. 
From the Lineweaver-Burk plot the 1)1 for GDP is 0.1 mM, a value at least 
ten times  lower th-1.n the 1)1 for ADP of 1 . 2  to 1 - 3 mM obtained in the same 
ccnditions . The V obtained with GDP as the nucleotide substrate was 
83 .0  units/cm3 and �:Xs:i.milar to the V value obtained from the double max 
reciprocal plots when ADP is used as the nucleotide substrata under the 
same conditions (V = 90.0 units/cm3 ) .  The difference is that with ma.x 
GDP as the nucleotide substrate ,  the V is slightly higher if estimated max 
rrom a v versus s plot whereas with ADP the V obtained from a v versus max 
s plot is about 25% lower than the extrapolated value obtained from a 
double rec iprocal plot . Hence the �· E£ll and the §_. l5:1ctis c1 0 pyruvate 
kinase differ in that the !],, £2.li enzyme is inhibited by high GDP, and not 
ADP whereas the .§_. lactis c1 0 enzyme is inhibited by high ADP and not by 
GDP. Pyruvate kinases from both sources have a higher affinity for GDP 

than for ADP. 

Clearly there is sufficient difference between GDP and ADP as the 
nucleotide substrate to warrant further investigation. Other kinetic 
p roperties ,  studied extensively with ADP, may be different if GDP is 
u sed as the nucleotide substrate . 
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The relationship between the pyruvate kinase activity (v, units/cm3) of S. lactis C1 0  and 
G D P  concentration ( mM GDP) is shown in F igure a.  F igure b is a double reciprocal plot 
( l ineweaver-Burk plot) ( 1 /v versus 1 /mM GDP) of the data shown in F igure a. T he react­
ion mixture contained ( in a total volume of 3 cm3) :  80 mM triethanolamine/H C I  buffer 
pH 7 .5; 1 mM PEP; 1 mM FOP; 1 3.3 mM KCI ; 3.3 mM MgCI2 and 0.1  cm3 of d i luted 
enzyme. The GDP concentrations were varied as shown in the Figures. 



1 61 .  

3 .4 . 8  The Effect o f  Mo�va�2nt Cations on Ezruvate Kinase Activity 

�ruvate kinase is one of the best known examples of enzymes which 

specifically need a monovalent cation for full activity (Evnns and 

Sorger , 1 966 ) .  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 ca·tion of physiological significance and Na has usually 

only ve� weak activating properties (Kachmar and Boyer ,  1 953 ) ,  the yeast 

pyruvate kinase was signif'icantly activated by Na + in combination with 

FDP (Hunsley and Suelter, 1 969 ) . The pyruvate kinases from �· coli 

(1�eba and Sanwal , 1 968 ) and Acetobacter xylinum (Benziman,  1 969 ) are 
+ + ++ 

c ompletely unaffected by K or I'<rH4 , but require .Mg for activity. 

Hence considerable differences  exist between the pyruvate kinases from 

different sources in respect to the monovale nt metal ion requirement for 

enzyme activity . 

The effect of r.Jonovalent cations on the S .  �Bc�i:_C1 CL..Pyruvate 

kinase act ivit..z 

NH4Cl , NaCl , LiCl and KCl were varied at different concentrations 

under otherwise standard assay conditions of 80 mM triethanola.mine/HCl 

buffer pH 7 .5 , 1 .0 mM FDP, 1 .0 mM PEP, 3 .3 mM ADP and 3 .3 mM MgC12 • The 

results are shown in Figure 3 .4.8 .1 a  and b .  In Figure a the a ctivity at 

unsaturating levels of NH4Cl is slightly higher tlli�n the activity with the 
+ + 

same KCl concentrations and V is  similar for both K and NH4 
• In 

max 
contrast , Figure b s hows that Na+ and Li+ have only a weakly activating 

effect on the enzyme� activity, a s  tho maximum activity obtained with Na+ 

or Li + is le ss than 5% of that obtn:ined with fll1!4 
+ 

or K+ 
ion s .  Figure 

3 .4 . 8 .1 d represent s the Hill plots of the dcta in Figure a where log v/V -v max 
is plotted against log K+ 

and log NH4 
+ . The two Hill plots for K+ and 

NH4
+ 

activation of pyruvate kinase activity indicate that t here is a co­

operative binding of the activating monovalent cations , K+ and Nrr4
+ , a s  

the Hill interaction c oefficient (�) for both cations i s  ·1 .55 at least 

at higher concentrations . The affinity of the enzyme for the two 

activating monovalent cations is similar with the enzyme showing only 

slightly higher affinity for .N1I4+ 
(NH4

+ 
0•5V = 7.0 mM; K+ 

0•5V = 9 .4 mM ) .  
At low c oncentrations o f  K+ or NH4

+ , the � value drops to les s  than 
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unity (� = 0 . 68 ) . At the se low levels , the Na+ introduced in the assay 
as the Na salt s of PEP, ADP and FDP may be competing vli th K+ or NH4 + ions . 

The inhibitory effect of Na+ concentration is shown in Pigure 3 .4- . 8 .1 c ,  
where all a ssays were carried out using standard condit ions (1 3 .33 mM KCl/ 
3 .33 mM MgC12 ) ,  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,  wHh 50/o inhibition 
of activity occurring at GO mM Na+ .  

Therefore , like rabbit muscle pyruvate kinase (Kacbmar and Boyer , 
1 953 ) and many other pyruvo.te kinase  preparations ( Boyer, 1 962 ) ,  the 
S . lactis enzyme requires an activating monovalent cation ( either K+ or 
�n4+) for activ ity. Like the muscle enzyme (Kachmar and Boyer, 1 953 )  the 

+ S .  lactis enzyme i s  only very weakly activated by Na • 

The sigmoidal re sponse of the S .  lactis pyruvate kinase to K+ or 
NH4+ at saturating FDP leve ls appears to be a dist inct ive property of 
this enzyme . Hunsley and Suelter ( 1 969 ) working on yeast pyruvate kina se 
and Jimenez de Asua � �· ( 1 970) on the rat liver enzyme , found that 
although the monovalent cat ion activated the enzyme in a co-operative 
manner in the absence of FDP, at saturating levels of FDP the response 
was hyperbolic . 
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Figure 3.4.8.1 :  a, b, c and d 

EFFECT OF MONOVALENT CATIONS ON ACTIVITY 
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The relationship between the pyruvate k inase activity (v, units/cm3) of �C1 0  and 
activating concentrations of monovakmt cations is shown in Figures a and b. In f igure a 
the monovalent cation salts are: e. NH4CI; •. KCI. In Figure b the monovalent cation 
salts are: Q, LiCI ; 0, NaCI. 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 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, NaCI, 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 NaCI concen­
tration was varied as thown in Figure c. 
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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! ( • )  and NH4CI ( • )  are the varying divalent cation salts. 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. 
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3.4.9 The Effect of Divalent Catio�s 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 h++ in cases 

where the particular cation is not spec ified) .  However the response of 

the pyruvate kinase to div:J.lent cations i's different depending on the 
source of the enzyme . The specific ity 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 . Substratos  and 

modifiers have differential effects on the divalent cation activation 

of the enzyme depending on th8 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 

Sect ion 3 .4 . 6 .  For reas ons discussed in that s ection the divalent cation 

concentration will be expressed as a total concentration of M++ even 

though it may be binding to the enzyme as M ADP- or M++ or a combination 

of the two . 

The effect of divalent cations  on the S .  lactis pyruvate ------------------
kinase activity 

In Figure 3 .4 . 9 . 1 a the relationship betwe en pyruvate kinase activity 
++ and divalent cation concentration is shown as  a v versus M plot . MgC12 

at all concentrations activates the enzyme to a slightly greater extent 
than equimolar concentrations of Mgso4• More o f  a difference between 

the two salts of Mg++ is noticed at the high concentration ( sreater 

than 1 0  mM) where inhibition occurs at significantly lower concentrations 
of Mgso4 than with MgC12 • MnC12 is different from MgC12 and MgS04 in 

two respects .  When a comparison is made between Mn++ and Mg++ with 

saturating FDP present ( 1  �1) ,  then Mn++ maximally activates the enzyme 

at lower concentrations thc'l.n does  Mg ++ . The second distinctive difference 

between Mg ++ and Mn ++ act ivn.tion of the enzyme is that neither MgC12 or 

Mgso4 , with the conditions used in the assay system , could activate the 

enzyme in the absence of FDP,  whereas MnC12 ( shown in Figure 3 .4 .9 .1 a )  

can activate the enzyme in the absence of FDP . The maximum velocity 

achieved with saturating concentrations of Mn++ , in the absence of FDP, is 

about 6q% of the maximum velocity achieved if FDP is present with 

saturating c oncentrations of  MnC12 , Mgso4 or MgC12 • 



Co++ (as CoC12 ) also a ct ivate s the enzyme (Figure 3 .4 . 9 .1 b ) but 
the V atta ined is s ignificantly less than that obtained with MgC12 max 
(note that a different enzyme preparation wa s used, hence the V value max 
obtained with MgC12 is not comparable to that in Figure 3 .h . • 9 . 1 a ) . No 
activity wa s obtained with Co++ a s  the divalent ion when FDP was omitted 
from the r eact ion mixture . 

The data of Figure 3 .4 . 9 . 1 a  are expre s sed a s  Hill plot s in 

Figure 3 . 4 .  9 . 1  c .  Hill plots for b oth IvlgSO
� 

and :MgC12 give Hill inter­
action coeffic ient value s (�) of 2 . 3  at Mg + c o ncentrations up to 2 mM , 
indicating that the binding of the divalent cat i on to the enzyme i s  co­
operative when PEP , ADP and FDP concentrations a re saturat ing . The 
divalent cat ion requirement to give half maximum activity (M++ 

0•5V) for 
Me;Cl2 and Mgso4 is very similar with a range of 0. 9 to 1 . 3 mM . Wit.\:!. 
MnC12 , the Hill plot was b iphasic , but more markedly so than for MgC12 
of MgS04 • At the higher MnC12 c oncentrations Mn++ showed less co­
operative interaction than Mg++ as � value wa s 1 . 72 .  The MJ+0•5V value 
( 0.46 mM) is le ss than half that for Mg++ . Data obtained for MnC12 in 
the absence of FDP do not give a linear Hill plot so the data is not 
shown. The data of 3 .4 . 9 . 1 b ,  exp re s sed as Hill plot s ( Figure 3 .4 . 9 .1 d ) 

indicate weaker co-operat ive interact ion for CoC12 (� = 1 . 62 ) but a 
similar M++ 

0.5V value whon compared to MgC12 and Mgso4 • The � value 
with Co++ is s imilar t o  tbat of Mn++ . 

With MgC12 and Mgso4 at concentrations greater than 1 0 mM, enzyme 
activity wa s inhib ite d  (Figure 3 .4 . 9 . 1 d ) . The high negat ive slope of 
the Hill plot s shows that MgC12 and Mgso4 ere inhibit ing in a co­
operative manner , at higher divalent cation concentrat ions . .Mgso4 ha s 
a higher negative Hill interact ion coefficient value of 3 . 94 (� = - ) 
and a lower concentrat ion to give half maximum inhibition (1:1gso4 0•51 = 
1 6  mM )  compared to MgC12 with � = -2 . 50 and MgC12 0 _51 = 3 6  mM. The 
stronger inhibitory e ffe ct of sulphate is not surprising as Collins and 
Thoma s (1 974 ) reported that the � · lactis ML3 wa s inhibited by so4

2-
. 

Therefore with .Mgso4 et high concentrat ions there is a two-fold 
inhibitory e ffect , one being inhibit i on by e levated concentrations of 

++ 2 -Mg and the other inhib ition effe ct be ing due t o  so4 • Sulphate 
inhibition did not app e r.r t o  be s ignificant at Mg++ concentrations 
where activation of the enzyme wa s incomplete a s  MgC12 and Mgso4 
activation of the enzyme was very similar a s  shown by their respective 
Hill plo t s  in Figure 3 .4 . 9  .1 c •. 
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Figure 3.4.9.1 :  a, b, c and d 
EFFECT OF DIVALENT CATIONS ON ACTIVITY 

Figure a 

Figure b 

8 10 15 20 40 80 2.0 
mM DIVALENT CATION SALT IMgS04 or MnCI2 or MgCI21 mM DIVALENT CATION SALT 

figure c 

o MnCI2 0.5V = 0.46 mM 

• MgCI2 0.5V = 0.9 mM 

e MgS04 0.5V • 1.1 mM 

0.1 

The relationship between the pyruvate kinase activity (v, units/cm3) of �C10 and 
concentrations of divalent cation salts is shown in Figures a and b. In Figure a the diva· 
lent cation saiU present are: 0, MnCI2; •· MgCI2; e. MgS04; 0, MnCI2 but with no 
FOP present in the reaction mixture. In Figure b the divalent cation salu present are: 

•· MgCI2; .._. CoCI2. The reactton mixtures for a and b 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 (except as noted); 13.3 mM KCI and 0.1 cm3 of diluted enzyme. The divalent 
cation salt concentrations were varted as shown in Figures a and b. 

Hill plot Figure d Hill plot 

0.6 1.0 3.0 0.5 

•CoCI2 0.5V • 0.9 mM 

• MgCI2 0.5V • 1.2 mM 

1.0 5.0 10.0 

mM DIVALENT CATION SALT mM DIVALENT CATION SALT 

Figure c shows Hill plots Hog vNmax·v versus log divalent cation salt concentration) of 
the data from Figure a. The Hill plot obtained by varying the MnCI2 in the absence of 
FOP has not been included. The Vmax values used for calculating the Hill plot values 
were obtained by linear extrapolation of Lineweav•·Burk plots to the 1/v axis. The 
divalent cation salts are: 0, MnCI2; •· MgCI2; e. MgS04. 
Ftgure d shows Hill plou Hog vNmax·v versus log divalent cation salt concentration) of 
the data from Figure b. The divalent cation salu are: •. MgCI2; .&, CoCI2. Also 
shown in Figure d era Hill plots obtained from the data from Figure a, where the concen· 
trations of MgCI2 ( • )  and Mg$04 ( • )  are inhibiting pyruvate kinase activity. 
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Effect of Mg++ co.ncentration on ADP activation and inhibition 

of S .  lactis pyruvate kinase 
= - ... � -

The relationship between ADP activation and inhibition of the 

�· la ctis pyruvate  kina se activity wa s investigated further by varying 

the ADP concentration at different concentrations of Mgso4� and at a 

constant concentration of 30 Illi.'ii KCl . In Figure 3 .4. 9 . 2 the relatien­

ship between reaction velocity and ADP concentrations at different 

concentrations of Mgso4 can be seen. At the highest Mgso
4 

concentration 

of 30 mM, ADP did not show any inhibition even at 20 mM ADP.  However 

the V reached at this Mg++ concentration was very much les s  than at max ++ lower Mg concentrations . As the MgS04 concentration was decreased 
from 30 mM to 0.5 m1i the inhibition of  pyruvate kinase activity by high 

ADP be came more evident and occurred at progressively lower ADP con­

centrations . The V reached was maximal at 4 m.M Mg ++ . Also the max 
ADP concentration for half maximum activity (ADP 0•5V) decrease s from 

6 . 0  mM ADP at 30 mM MgS04 to 0.2 mM ADP at 0.5 �M MgS04 • 
The results of this experiment are consistent with the idea that 

the Mg++ and ADpY- bind to the enzyme as  a MgADP- complex . An excess 

of e ither frei Mg++ or free ADp3- results  in inhibition in which free Mg++ 

or free ADp3- competes with MgADP- for the binding sites . However the 

results could be interpreted 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++ , ADp3- or MgADP- at 

the catalytic site . 

x Footnote : It should be noted that MgS04 rather than MgC12 was used 

in this parti.oular study. This experiment was carried out at an 

early stage of the pyruTat e  kinase study before the inhibiting e ffeets 
2-of so4 were appreciated. Although there is a difference in 

response to MgC12 and Mgso4 (as  de scribed above , 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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Figure 3.4.9.2 E F F ECT OF MgS04 CONC ENTRATION ON ADP ACT I VATION AND I N H I B I T I O N  
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The ADP activation and inhibition of the S. lactis C1 0  pyruvate kinase activity (v) was 
investigated at six different MgS04 concentrations. The relationship is shown as a 
v ( units/cm3) versus ADP concentration ( mM) plot. The six different MgS04 concen­
trations are: 0, 30 mM MgS04; e, 20 mM MgS04; 1:::.. , 1 0  mM MgS04; A ,  4 mM 
MgS04; D ,  1 mM MgS04; • · 0.5 mM MgS04. The reaction mixture contained ( i n  a 
total volume of 3 cm3) :  80 mM triethanolamine/HCI buffer pH 7 .5; 1 mM PEP; 
1 mM FOP: 30 mM KCI and 0.1 cm3 of di luted enzyme. The ADP concentration was 
varied as shown in the F igure. 
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Inhibition_Ey ot�er divalent cations 

The chloride salts of Cu++ , Zn++, ea++ , Ni++ and Ba++ , unlike 
.Mg++, Mn++ and Co++, were found to be unable to activate the enzyme using 
the standard a ssay system (minus Mgel2 ) at concentrations ranging from 
0 .1 to 20 mM .  However if the standard assay system was used ( 1 3 . 3 mM 
KCl/3 .3 mM Mgel2 ) and the concentration of the chloride salts of Cu++, 
Z ++ C ++ N . ++ Ba++ . 1 . d th · nh · b · t ·  n , a , � or was progress�ve y �ncrease en � � � �on 
o ccurred, different for ench cation, as is shown in Figure 3 .4 . 9 . 3a .  
Cu++ completely inhibited activity at a concentration of 0 . 1  ��, zn++ was 
the next most potent inhibitor, followed by ea++ then  Ni++, with Ba++ 

inhibiting to the least extent . Hill plot s of the same data are shown 
in Figure 3 .4 . 9 . 3b .  For all four metals (zn++ , ea++, Ni++ and Ba++ ) 

the Hill interaction coefficient value is -1 . 55 to -1 . 60 .  The concen­
tration of the divalent cation required for 5o% inhibition of activity 
(M++ 

0•5I )  ranged from 0 . 65 mM ZnCl2 to 3 .2 mM BaC12 • The se values 
are low' when compared with the respective values for Mgel2 and Mgso4 
inhibition ( 1 6 mM Mgso4 and 36  !llJ.� Mge12 ) shown previously in Figure 3 .4 . 9 . 1 d .  

The inhibition by high concentrations of M++ 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 M++ 

the binding of the free M++ may be competing with the binding of the M-
sub strate and M-activator complexes . The evident multiplicity of  binding 
sites  for these complexes could account for the co-operat ivity of inhibitor 
binding . Alternatively the metal 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 alternative s  could apply to  inhibition by divalent 
metal ions which do not activate , i . e .  zn++, ea++ , Ni++ and Ba++, except 
that the binding sites for these metal ions have a relatively higher 
affinity than for inhibiting Mg++ concentrations . Zn++, Ca++, Ni++ and 
Ba++ may inhib it activity by binding only at the alternative sites (not 
catalytic ) whereas Mg++ may inhibit both ways;  by competing for the sub­
strate ( -complexe s ) at the catalytic sites and by binding at the alter­
native sites .  This could explain the lower degree of co-operativity of 
b inding of the se non-activating ions ( compared with Mg++ inhibition at 
high concentrations ) . 
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Figure 3.4.9.3: a and b 
INHIBITION BY DIVALENT CATIONS 

Figure a 

2.0 4.0 6.0 

mM DIVALENT CATION SALT 

• ZnCI2 0.5 1 • 0.65 mM 

OCaCI2 0.5 1 • 1.00 mM 

e BaCI2 0.5 1 • 3.20 mM 

0.05 0.1 0.5 1.0 

mM DIVALENT CATION SALT 

8.0 

5.0 

The divalent cation inhibition of the� C10 pyruvate kinase activity was investigated. 
The reaction mixture contained (in a total volume of 3 cm3): 80 mM tdethanolamine/ 

�bt�
u
:n� g� ��� �f3d�u�:��y�e��:.

E
:iva1�

M
ca���; sa1�·1r:� a�7;�ti�� ��t 

were added to the reaction mixture, at concentrations as shown in the figures, are: 0, 
CuCI2; A, ZnCI2; 0, CaCI2; •· NiCI2; e, BaCI2. Figure a is a plot of pyruvate kinase 
activity (v) versus mM Divalent cation salt. 
Figure b shows the Hill plot Uov vNmax·V ve'SUS log divalent cation salt concentration) 
of the data from Figure a. The Vmax value used for calculating the Hill plots was the 
pyruvate kinase activity assayed in the absence of any inhibiting divalent cations. 
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Further investigation of Mn++ activation of the S .  lactis 

pyruvate kinase 

As  shown in Section 3 .L� . 9 . 1 the enzyme was markedly activated by 

Mn++ in the absence of FDP.  Several workers have found t��t substitution 

of Mn++ for Mg++ enhances the binding of PEP (Tuominen and Bernlohr , 

1 971 b ; Mildvan and Cohn, 1 966; Passeron and Terenz i ,  1 970; Waygood 

and Sanwal , 1 974) .  With !1.· � (Waygood and Sanwal ,  1 974 ) the 

enzyme shows s igmoidal activation by Mn++ in the absence of FDP, but this 
++ ++ ++ is also true of' Mg • In S .  lactis Mn and Mg show a qualitative 

difference in their ability to activate the enzyme in the absence of FDP . 

For this reason the effect of Mn ++ was further investigated . 

A .  Corn arison of FDP activation with Mn++ or �Mg++ a s  the 

divalent cation 

Using otherwise standard assay conditions the FDP concentration 

was varied in the presence of 3 .0 mM MgC12 or 3 .0 mM MnC12 • The result s 

are shown in Figure 3 .4 . 9 .42. . In the presence of Mn ++ as the divalent 

cation FDP activates in a hyperbolic manner CIJI = 1 . 0 )  whereas with Mg++ 

FDP activates  in a sigmoidal manner CIJI = 2 . 0) . The FDP 0 • 5V value 

with MnC12 present is 0 .01 5 mM , a low value compared to 0 .35 mM FDP 

with MgC12 • 

B .  Re sponse to varying PEP concentration with Mg++ or Mn++ 

as the divalent cation 

The Hill plots in Figure 3 .4 . 9 .4b were obtained by varying the 

PEP concentration, using the standard assay conditions , in the presence 

of 3 . 0 mM MgC12 or 3 .0 mM: 1mC12 • Vrhen 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 

� 
3 .0 mM MgC12 + 1 . 0  mM FDP 1 . 2 

3 .0 mM MnC12 + 1 . o  mM l<'DP 1 .8 
3 . 0  mM MnC12 - no FDP 1 . 3  

from Hill plots shown 

PEP 0 .5V 

0. 1 8 

0 .01 5 

0 . 09 

(mM) 

in Figure 

V ( units/cm3) max 

67 . 0  

66 .0  

48 .0  
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Figure 3.4.9.4 a 

FOP ACTIVATION WITH Mn2+ OR Mg2+ 

0.4 0.8 1.0 2.0 3.0 

mM FOP 

FOP Activation From Hill Plots 

(with MgCI2 present) "H E 1.0 FOP 0.5V • 0.35 mM 

(with MnCI2 present) 
"H • 2.0 FOP 0.5V • 0.015 mM 

The relationship between the pyruvate kinase activity (v, units/cm3) of � C10 and 
FOP concentration is shown in Ftgure a with 3.0 mM MgCI2 ( • )  and 3.0 mM MnCI2 
I 0) as the essential activating divalent cations. The reaetfon mixture contained (in a 
total volume of 3 cml) : 80 mM triethanolamine/HCI buffer pH 7 .5; 1 mM PEP; 3.3 
mM ADP; 13.3 mM KCI; 0.1 cml of diluted enzyme and the FOP concentration varied 
as shown in the Figure, in the presence of 3.0 mM MgCI2 or 3.0 mM MnCI2. 

Figure 3.4.9.4 b 

PEP ACTIVATION WITH Mn2+ OR Mg2+ 

5.0 

1.0 

0.5 

0.1 -+'T""ii"'T'I'T'"""""'L.T""""""T��I"'T'T'TTT---r--r-'T"'"f 
0.005 0.01 0.05 0.1 0.5 

mM PEP 

The relatiomhip between the pyruvate kinal8 activity (v, unitt/cml) of �C10 and 
PEP concentration is shown in Figure b at different divalent cation and FOP 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 ard the 
PEP concentration vaded as shown in the Figure. in the presence of: o. 3.0 mM MnCI2 
+ 1 mM FOP; e. 3.0 mM MnCI2 with no FOP pnnent; •· 3.0 mM MgCI2 + 1 mM FOP. 
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With FDP ( 1  mM) pre sent in the assay system, replacement of Mg
++ 

by Mn
++ 

increases the Hill interaction coefficient from 1 . 2  to 1 .8 and 

decreases the PEP 0 • 5V value by at least ten-fold . With Mn
++ 

as the 

activat ing divalent cation in the absence of FDP, the PEP 0 • 5V value is 
0 . 09 mM, which is half the value obta ine d with .MgC12 in the presence of 

FDP. With FDP pre sent the V with either Mn
++ 

or N�
++ 

is  e ssentially mo.x 
the same , wherea s the V with Mn

++ 
in the absence of FDP is significantly maJ� 

lower . 

Saturating r.DP concentrat ions (1 mM) were reported in Se ction 

3 .4.5 .1 to t he allos t8ric response to varying of PEP (using 

MgC12 as the activating divalent cation ) . This can be seen in the Hill 

plot of Figure 3 .4 . 9 .4b . Here , PEP shows only weak ,  if any,  homotrophic 

interaction vlith the enzyme ClJ:I = 1 . 2 ) where MgC12 is pre sent with 1 mM 
FDP. Similarly with MnC12 present , but in the absence of FDP, PEP again 

shows only a weak homotrophic interaction with the enzyme (� = 1 . 3 ) . 

This is not expected, as in Section 3 .4 . 5 .1 , in the pre sence of MgC12 
decreasing the FDP concentration increased the � value . However with 

saturating FDP present and �n++ as the divalent cat ion the � value 

increases  to 1 . 8 .  Thus when MnCl� is present with FDP, the FDP and 
L 

11nCl2 combination increases both the affinity and the homotrophic inter-

action of PEP with the enzyme . Thi s ,  and the fact that PEP shows only 
a weak homotrophic interaction with the enzyme in th5 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 concentrat ion with M£
++

_ or 
++ ¥ill 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 .  

MgC12 with ·FDP, and MnCl2 with and without FDP. For both divalent 

cations , maximum activity is achieved between 2 to 4 m:M ADP with 

a ctivity dropping off at higher ADP concentrations . MnC12 with FDP 

present ,  appears to suppress inhibition of the enzyme's activity by 

high concentrations of ADP to some extent . The enzyme with Mn 
++ 

but 

no FDP present in the as say system , has a lower V than for e ither max 
Mg ++ or Mn ++

, both in the presence ofl FDP. The data from Figure 3 . 4. 9 .4c 

a re plotted as Hill plots as shown in Figure 3 . 4 . 9 . 4d . (The V values 
max 
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Figure 3.4.9.4 c 

ADP BINDING WITH Mg2+ OR Mn2+ 

40 

20 

0 4 12 

mM ADP 

The relationship between the pyruvate kinue activity (v. units/cm3) of � 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: Q, 3.3 mM 
MnCI2 + 1 mM FOP; e,  3.3 mM MnCI2 with no FOP present; •, 3.3 mM MgCI2 + 1 
mM FOP. 

Figure 3.4.9.4 d 

HILL PLOTS FOR ADP BINDING WITH Mg2+ OR Mn2+ 

1.0 

0.5 

're e � 
0.1 

0.05 

0.1 0.5 1 .0 6.0 

mM ADP 

Figure d lhows Hill Plots (log vNmax·V versus log ADP concentration) of the data from 
Figure c where the ADP concentration was varied in the presence of: 0 ,  3.3 mM 
MnCI2 + 1 mM FOP; e , 3.3 mM MnCI2 with no FOP present; • ,  3.3 mM MgCI2 + 1 
mM FOP. The Vmax values used for calculating the Hill plot values were obtained by 
linear extrapolation of llneweaver-Burk plots to the 1/v axis. 
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used were e stimated by linear extrapolation of double re ciprocal plots . )  
For MnC12 and MgCl2 in the presence of FOP, the Hill plots were 
es sentially identical . ADP shows no homotrophic interaction (�1 = 1 . 0) 
and the ADP concentrat ion required for half maximum act ivity (ADP 0 •5V) 
is 1 .1 mM for both cations . 1fuen using MnCl2 as the divalent cation in 
the absence of FDP, there is significant co-operat ive interact ion of 
ADP with the enzyme (� = 1 . 8 ) .  This is probably simply a consequence 
of the a bsence 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 �m++ in the presence of FDP has 
quite distinctive e ffects on ADP and PEP binding . Neither the affinity 
(ADP 0•5V) nor the co-operat ive interaction of ADP with the enzyme is 

altered by using Mn++ in place of Mg++ whereas both the co-operativity 
of PEP binding and the affinity for PEP are significantly greater with 
Mn ++ than they are with I�g ++ . 

The non-FDP activated pyruvate kinases from B .  licheniformis 
(Tuominen and Bernlohr , 1 971 b ) and rabbit muscle (Mildvan and Cohn, 1 966 ) 

were both shown to lmve higher affinities for PEP, but not ADP, in the 
presence of Mn++ rather than in the pre sence of Mg++ .  A similar effect 
of Mn++ ha s been reported for the FDP-activated pyruvate kinase from 
� rouxii (Passeron and Terenzi ,  1 970) . However in this case although 

Mn ++ lead to a similar reduction in the apparent I).,1 for PEP, FDP did not 
activate the enzyme in the presence of Mn++ .  With the S .  lactis pyruvate 
kinase at saturating MnCl2 concentrations , FDP does significantly activate 
the enzyme , though at'. considerably lower concentrations and in a hyper­
bolic rather than sigmoidal manner . 

Tuominen and Bernlohr ( 1 971 b ) ,  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 c1 0 , Mn++ with no 

. FDP present ( enzyme active ) ,  appears to induce conformational change s 
in the enzyme that cannot be attained in the Mg-activatod system without 
F.'DP present (enzyme inactive ) . Also , like the �· licheniformis enzyme , 
the activated pyruvate kinP.. sE: from §.. lactis c1 0 possibly has a different 
conformational change with FDP and MnCl2 present , than with FDP and 
MgCl2 a s  is evident from the studies on PEP activation of the enzyme in 
the presence of the two divalent cations . 
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The kinetic data for the .� · lactis c1 0  pyruvate kinase s o  far 
described have all been determined at pH 7 . 5  (the pH optimum of the 
enzyme ) .  It is important to ascertain whether the kinetic propertie s 
of the pyruvate kinase are markedly different at other pHs . pH 6 .4 
and pH 8 . 75 were selected a s  they repre sented the pH value s where the 
enzyme activity was very different from the pH optimum while still being 
within the buffering range of 80 mM triethanolamine/HCl buffer . The 
effect of the pH on PEP and FDP activation wa s studied with manganese 
and magne sium as the essent ial divalent cation . 

A.  Effect o f  pH_ on response to varJ[ing PEP concentrat to]} 

The effects of pH on PEP activat ion are summarised in Table 
3 .4 . 1  Oa . The affinity of pyruvate kinase for PEP, with Mg ++ as the 
divalent cation, is optimal in alkaline pHs ; the 1)1 is 0.1 3 mM PEP at 
pH 8 . 75 ,  0.1 8 mM at pH 7 .5  and 0.4 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 decreas e s  ten-fold at pH 8 .75 compared with the 
affinity at pH 7 . 5  and 6 .4 . It is also intere sting that the eo-
operativity of PEP binding seen at pH 6 .4 and 7 .5 in the present of �m

+
+ 

is no longer evident at pH 8 . 75 . 
When Mn++ alone is pre sent ( i . e .  without FDP) the affinity of 

pyruvate kina se for PEP is much le ss dependent on pH (� values ranging 
from 0.1 3  mM to 0 . 2 mM PEP) . 

B.  Effect of pH on FDP activation 

The effe ct s of pH on FDP activat ion of the S .  � pyruvate 
kina se are summarised in r.rable 3 .4. 1  Ob . With MgC12 as the divalent 
cation the FDP 0 • 5V value is  nearly the same at pH 6 .4 and 7 . 5  (0 .2  mM 
and 0.1 8 mM FDP,  respectively ) , and increase s to 0.45 clA 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 � value is 1 .94 while at pH 8 . 75 � is 1 . 0 .  The 
FDP 0 •5V values are lower at all three pH values when Mn++ replaces Mg++ , 
but there is relativ�ly a much greater increase in the FDP 0• 5V values 
from pH 7.5 to 8 . 75 with Mn++ as the divalent cat ion . 
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The effect of pii on the kine t i c  properties of the .§.. lactis 

pyruvate kinas e  appear from this bri e f  s tudy t o  be qui te diffe rent 

from the re sul t s  found by rrorkers s tudying the marnmalinn pyruvate 

kinases . For both the liver type-1 pyruvate kinase ( Roz engurt e t  -�· 
1 969 ) and the e rythrocyte type-1 pyruvate kinase ( Staal e t  al . , 1 97 1 ) 
the enzyme is not activated by FDP and sho1-rs only a Nichaelis -Nenten 

re s p onse to PEP be lmr pH 7 .  2 . Thus the .§.. lac ti� enzyme appears t o  

maintain i ts a l los teric properties at l ower pH valueo than i s  the case 

for t�1e mammalian pyruvat e  kinas es . 

The re la t i onship be tween pH , FDP and PEP ac tivation of the 

£. lac ti s  pyruvate kinase , be ing diffe rent from mamma lian pyruvate 

kinases , poss i b ly indica tes a different intracellular pH control for 

the .§.. lactis enzyme . �1nc 12 was shown to be effec tive in ac tiva ting 

the .§.. lactis e nzyme als o at the two extremes of pH ( 6 . 4- and 8 , 75 ) with 

or >vi thout FDP present . Mn ++ thus appears to have the potential for 

c ontrolling the enzyme in vivo in a different mam1er to the FDP c ontro l .  
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Table 3 .4.1 0a 

The effect of pH on PEP activation of pyruvate kinase 

The effect of pH on PEP activation of pyruvate kinase was studied 
in the presence of either 3 .3 mM MnC12 ( with or without 1 mM FDP)  or 
3 . 3 mJil MgC12 ( with 1 mM FDP) at standard assay conditions of :  80 mM 
triethanolamine/HCl buffer ;  3 .3 mM ADP and 1 3 . 3 mM 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 coefficient values (�) obtained from Hill plot s ,  and the KM 
and V values obtained. from Lineweaver-Burk plots ,  for varying the PEP max 
concentration at the different conditions , are tabulated below . 

Conditions Lineweaver-Burk Plot Hill Plot 
-·------� 

pH Divalent Cation FDP � Vmax � ( 3 . 3 mM) (mM) (mM PEP) (units/cm3 ) 

7 . 5  MgC12 1 . o  0 . 1 8 73 . 0 1 .o  
7 -5 MnC12 1 . o  0 . 02� n.o 1 . 8  
7 -5  MnC12 0 . 0 0 . 20 35 .0 1 . o  

6 .4 MgC12 1 . o 0.40 45 .0 1 . o  
6 .4 MnC12 1 . o 0 . 02� 42 .0 1 . 7 
6 .4 MnC12 o . o  0 . 20 22 .0 1 . o  

8 .  75 MgC12 1 .o  0. 1 3 36 .0  1 . o  

8 . 75 MnC12 1 • 0 0 . 1 3� 36 .0 1 ,1 
8 . 75 MnC12 o . o 0. 1 3 1 8 . 0 1 . o  

M Value& determined as  PEP 0 •5V values from Hill plots . 
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Table 3 .4.1  Ob 

The effect ,of pH on FDP act ivation o�_Eyru�ate kinase 

The effect of pH on FDP act ivation of pyruvate kinase was studied 
in the presence of either 3 .3 mM .MnC12 or 3 •3 mM MgC12 at standard assay 
c onditions of : 80 mM triothanolamine/HCl buffer ;  3 .3 mM ADP; 1 mM PEP 
and 1 3 . 3  mM KCl . The pH of the a ssay mixture was either the pH 
optimum (pH 7 . 5 ) ,  pl! 6 .4 or pH 8 . 75 . FDP was varied. at each different 
c ondition, t o  give at least eight usable points to plot the re spective 
Hill and Lineweaver-Burk plot s .  The Hill interaction coefficient and 
FDP 0 •5V values obtained from Hill plots ,  and the Vmax value s 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 

pH Divalent Cation 
( 3 . 3  mM) 

7 . 5  MgC12 
7 .5  MnCl2 

6 .4 MgC12 
6 .4 MnC12 

8 . 75 MgC12 
8 . 75 MnCl2 

Hill Plot 

� 

1 . 9 
1 . o  

1 . 9  

1 . o  

1 . o  

FDP 0 . 5V mM FDP 

0 . 20 
0. 02 

0. 1 8  
0 . 0065 

Lineweaver-Burk Plot Activity ( v )  

V mic 
(unit s cm3 ) 

( in absence of 
FDP) (units/cm3 ) 

74 . 0  o . o  
74 . 0  30 .0  

42 . o  o . o  
41 . o 24 . 0  

o . o 0.45 30 .0  
1 1.�0��" ·0 _l_ 8 . 0  

I 
I 
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In the course of the inve stigation o f  varying pH on certain 
propertie s  of pyruvate ki1mse , as de scribed in the previous section, a 
study was made also with 1 mM phosphate pre sent in triethanolamine/HCl 
buffer pH 7 . 5 . The strong inhibitory effect of phosphate has alreaqy 
been described in an earlier section ( 3 .4 . 3 ) . The purpose of the 
determinations reported in Table 3 .4 . 1 1 was to ascertain which particular 
kinetic propert ies of pyruvate kina se were sensitive to phosphate .  

The presence of 1 . 0  ruA phosphate at pH 7 . 5  with MgC12 a s  the 
divalent cation, increases the PEP 0 • 5V value 25-fold (0. 1 8 mM to 
5 . 0 mM PEP) but doe s  not change the V value or the �. value . max tl 

When FDP activation is similarly studied in the presence of 
1 .0 mM phosphate (Table 3 .4. 1 1 )  the FDP 0• 5V value incre(1sed from 
0 . 2 mM to 0 . 93 mM FDP. Though the �- value did not change, the V tl 3 max 
value dropped from 74 units/cm3 to 33 unit s/cm when 1 mM phosphate was 
pre sent .  The drop in V probably indicate s  that the PEP is no longer max 
at saturating concentrations at saturating FDP concentrations . 
Therefore phosphate effects both FDP and PEP act ivation, with PEP 
binding being more sensitive than FDP binding to phosphate inhibition . 

Table 3 .4 . 1 1 
Effe ct of ph?sphat e on t he kinetic propert ies 

of  S .  le.ctis pyruvate kina se 
.,....,._� 

Standard assay c ondit ions were used: 80 m11 triethanolamine/HCl 
buffer pH 7 . 5 ;  3 .33 mM ADP; 1 3 . 33 mM KCl/3 . 33 mM MgC12 ; and e ither 1 mM 
PEP or 1 mM FDP .  The e ffect of 1 mJI.f phosphate on the re sponse of the 
pyruvate kina se activity to varying PEP concentration and FDP concentration 
was investigated . The kinetic data , obtained from the respe ctive double 
reciprocal plots and Hill plots , are shown below . 

Varying 

PEP 

Varying 
FDP 

PEP 0.5V 
V max 
I]{ 

FDP 0.5V 
V max 
I]{ 

Control 
0 . 1 8 mM PEP 
73 units/cm3 

1 . o  

Control 
0 . 2  mM FDP 
74 . 0  units/crn3 

1 . 9  

1 mM PhosEhate 
5 .0 mM PEP 
80 units/cm3 

1 . o  

1 mM Phos:ehate 
0 .93 mM FDP 
33 .0 unit s/cm3 

1 . 9 
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�4 .1 2 ATP Inhibition of �ruvate Kinases 

Pyruvate kinase from v:_;.rious sources has been shown to be markedly 
inhibited by ATP ( Irving and Williams , 1 973 ; Co sta � i!d· , 1 972 ; Staal 
�et !:;1 • , 1 971 ; Ainsworth and Macfarlane , 1 973 ; Tuominen and I3ernlohr , 
1 971 b and Waygood and Sanwal,  1 974) .  However the nature of  the inhibitory 
effect appears to differ considerably from one enzyme to another and the 
different isoenzymes in any one tissue are usually affected by ATP in 
distinctive ways . Waygood and Sanwal ( 1 97h-) found that GTP was a much 
more potent inhibitor of the �· coli pyruvate kinase than ATP. 

Since ATP inhibition of pyruvate kinases may occur at physio­
logical levels of ATP the effect of ATP on the S .  lacti� pyruvate kinase 
was investigated. 

3 .q_ .1 2 .1 ATP inhibition of �· lactis pyruvate kinase 

ATP concentration was varied using the standard a s say conditions 
at three different FDP concentrations ( 0 . 5 ,  1 . 0 and 1 0 .0 mM FDP) . The 
relationship between pyruvate kinase activity and ATP concentre tion is 
shown in Figure 3 .4. 1 2 . 1 a . ATP inhibited the e nzyme at all three FDP 
concentrations . However this  inhibition could be  entirely due to 
chelation of Mg ++ (Wood ,  1 968 ) .  Therefore ATP inhibition was studied 
�t a higher concentration of cations ( 80 mM KCl/8 mM MgCl2 instead of 
1 3 . 3  mM KCl/3 . 3  mM MgCl, o. s  used in the standard assays ) �s  shown in 

"-

Figure 3 .4. 1 2 .1 b .  ATP inhibition still occurred at the higher cation 
concentration although tho concentration of ATP required to cause 5($ 
inhibition was increased somewhat . The data obtained at 1 mM FDP at the 
two cation concentrat ions are replotted as  Hill plots in Figure 3 .1+-.1 2 c .  
At the low cation concentration the ATP is interacting with pyruvate kina se 
in a co-operative manner (� = -3 .0)  to inhibit activity . The concen­
tration of ATP giving 5Q% inhibition of activity (ATP 0•5I ) increases 
from 2 .3  mM to 5 .3 mM ATP as the cation concentration is increased.  
Inhibition of activity by ATP at the high cation concentration is not 
entirely due to  chelation of Mg++ as activity with 80 mM KCl/8 m11 MgC12 
is  identical to the activity assayed with 80 mM KCl/3 mM MgC12 pre sent 
in the standard a ssay conditions . At the high cation concentration the 
Hill plot is biphasic with � 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 



two other possible modes of inhibition exist . ATP may inhibit by 
binding as Mg ATP2- at the ADP catalytic site or at an allosteric 
s ite independent of the ADP catalytic site . 
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Hence £•  lactis c1 0 pyruvate kinas6 is inhibited by ATP and this 
++ inhibition is not entirely due to chelation of Mg • Collins and 

Thomas ( 1 974) ,  studying the pyruvate kinase from .§.. lactis :ML3 , reported 
that in the presence of 2 mM PEP, 5 mM ADP, 2 mM FDP and 80 mM KCl/ 
8 mM MgC12 the addition of either ATP or AMP at concentr::ttions up to 
5 mM had no effect on t ho reaction rate of pyruvate kinase , but when 
FDP concentration was reduced ten-fold, 5 mM ATP caused 5o% i1lhibition . 
Their results are therefore different from those reported above where 
ATP inhibition was found to be virtually independent of FDP concentration .  

3 .4.1 2 . 2  The effect o f  AHP on S .  lactis pyruvate kinase 

The effect of varying ANP concentration on the pyruvate kina se 
activity was studied at three different ADP concentrations under othenvise 
standard assay conditions of 1 3 .33 mM KCl/3 . 33 mM MgC12 , 1 .o  mM PEP and 
1 . 0  mM FDP. The data obtained were plotted as Hill plots (Figure 
3 .4.1 2 . 2 ) .  AMP inhibited activity in a co-operative manner . The 
strength of co-operative binding of AHP to the enzyme is dependent on 
the ADP concentration since the � 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 5q% inhibition of activity appears to be 
relatively independent of ADP concentration with a value of 7 . 0 :t 0 .5 mM 
AMP for the three ADF concentrations . 

Thus unlike some other pyruvate kinases (Tuominen and Bernlohr , 
1 971 b )  the S .  lactis pyruvate kinase is  not activated by AMP. The 

pyruvate  kinase from §.• faccalis (PK-II )  that is almost totally dependent 
upon FDP for activity is unaffected by either AMP or ATP (Wittenberger 
et al. , 1 973 ) .  The o thor ·pyruvate kinase from �· � (PK-I ) 
( not activated by FDP) studied by the same workers was activated by 
AMP and inhibited by AI'P.  
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Figure a ATP Inhibition 

13.3 mM KCI/3.3 mM MgCI2 

4 

mM ATP 

Figure b ATP I nhibition 

80 mM KCI/8 mM MgCI2 

4 

mM ATP 

Figure 3.4. 12.1: a, b and c 

12 

The ATP inhibition of pyruvate kinase activity (v, units/cml) of �C1 0  is shown in 
Figures a and b at different cation and FOP combinations. The reactton mixture con• 
tained (in a total volume of 3 cml): 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 presence of: 6, 10 mM FOP; e, 1 mM FOP; • ,  0.5 mM FOP. In 
Figure a 13.3 mM KCI/3.3 mM MgCI2 are present. In Figure b 80 mM KCI/8 mM MgCI2 
are present. 

ATP INHIBITION OF PYRUVATE KINASE 

> .. e � 

Figure c ATP I nhibition Hill Plot 
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The data obtained from Figures a and b (at the two cation concentrations) in the presence 
of 1 mM FOP are reploned as Hill plots (log v/V max ·V Yersus log ATP concentratton) 
in Figure c. The two Vmax 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: e. 13.3 mM KCI/3.3 mM MgCI2; •. 80 mM KCI/8 mM MgCI2. 
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� 

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 Hill plots at three different ADP concentrations. The reaction 
mixture contained (in a total volume of 3 cm3) :  80 mM triethanolamine/HCI buffer 
pH 7.5; 1.0 mM PEP; 1 .0 mM FOP; 13.3 mM KCI; 3.3 mM MgCI2; 0.1 cm3 of 
diluted enzyme and the AMP concentrations varfed as shown in the F 1gure in the presence 
of: e, 2 mM ADP; 0 ,  1 mM ADP; o, 0.25 mM ADP. The three Vmax values used for 
calculating the Hill plots were the respective pyruvate kinase activities assayed in the 
abs'3nce of AMP. 

.... 
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3 .5 Discussion of the Results from Studies of the2 • 
_
.lf-�is C� O 

EYruvate Kinase . 

In the introductory section ( 3 .1 ) ,  the pyruvate kimtses from many 

sources  were shown to have important allosteric control features indicating 

the importance of thi s  enzyme in the regulation of carbohydrate metabolism. 

The results from the study of the S .  lactis c1 0 pyruvate kinase have shown 

that its a ct ivity is also allosteri cally controlled by a number o f  factors . 

In its general properties the §_. lact_i;?_ c1 O pyruvate kinase is not unlike 

FDP-a ctivat e d  pyruvate kina s e s  from most other organisms such as  the 

mammalian type L pyruvate !�iru.� se and the yeast and !!· .Sill FDP-activated 

pyruvate kinase s . The r.wlecular weight ( 235 , 000) and subunit number (4)  

is similar to that of pyruvate  kinases from other organisms and in this 

re spect the S. lactis pyruvate kinase apparently differs from the much 

smaller FDP-activated py.cuvate kinase from S .  faecalis (Wittenberger et al . , - - -
1 973 ) .  However in many of its detailed regulatory features the �·  lactis c1 0 
pyruvate kinase shows differences from the properties of other pyruvate 

kinases . Of course not all the factors that have been shown to control 

activity jn � are necessarily imp ortant in determining the intra­

cellular activity of the S .  lacti� pyruvate kinase . 

F:w_tors Co:1trolling S .  la ct is c1 0 Pyruvate Kinase Activity 

Three different sets of factors may be of importance in regulating 

activity 12 � · These are : 

a )  FDP and PEP 

b ) Nucleotides 

c ) inorganic cations and anions 

a ) FDP and PEP as regulators of pyruvate kinase activ:ij.Y 

A s  with most other FDP-activated pyruvate kinases , FDP increased 

the affinity fo!" the subntrate 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 o.5V values required for this 

activation were higher than for mammalian pyruvate  kinases . As well as 

the heterotropia interaction between PE P  and FDP, the activator, FDP, 

itself showed positive homotropic interaction with the enzyme , showing 

a high degree of c o-operativity e specially with the freshly isolated 

enzyme (� = 2 .5 to 2 . 7 ) . The allosteric activation of enz-yme activity 



by FDP was independent of REP and ADP concentration. Even at pH 8 . 75 ,  
FDP did activate the enzyme , but in a hyperbolic manner rather than a 
s igmoidal activation . 'i'he S .  l� c1 0 pyruvate kinase showed virtually 
no activity when assayed e s The S .  lactis 
ML3 pyruvate kinase ( Collins and 'rhomus ,  1 974) did show t:ctivity in the 
absence of FDP at high PEP and metal ion concentrations . The S .  lactis 
c1 0 enzyme when assuyed 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 leve ls  of FDP, PEP binds co-operatively to the 
enzyme . 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 nucleotide s 

Nucleoside diphosphates can influence pyruvate kinase activity 
both by their involvement as  substrates and by acting as inhibitors at 
high concentrations . As  mentioned earlier, ADP binding follows a hyper-
b olic 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, therefore GDP and 
possibly other di-nucleotide s  may play an important role in controlling 
the intracellular activity of the enzyme , and thus should be investigated 
further. Waygood and Sanwal ( 1 974 ) found that the �· � pyruvate 
kinase also showed a 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 ADp3- acting as inhibitors . 
However this might not necessarily be so  as ADP and Mg++ could inhibit 
by binding to s ites other than at the catalytic s ite . A detailed kinetic analysis 
of the reaction mechanism would be nece ssary to determine the nature of 
the inhibition by high ADP concentration. 

ATP was shown to be  a potent inhibitor (ATP 0 • 51 = 2 .3 to 5 .3 m11) 
o f  the �· lactis  � O  pyruvate kinase . The degree of inhibition v1as 
independent of the FDP concentration whereas the §. lactis ML3 enzyme 
( Collins and Thomas , 1 974) was only inhibited by ATP at unsaturating 
FDP concentrations . Therefore from � � evidence the ADP/ATP 
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rat io may play an important role in c ontrolling the intrac e llular 

pyruvate kina se . However, in considering ADP and ATP 

two addit ional factors have to be �onsidered . First is the 
"""""'_.;.;, _ _.___,.__, 

f inding of Carminatt i et al . (1 968 ) that the pre sence of eu++ 
in ADP 

samp le s  wa s re sponsible for t he apparent ADP inhibition of n�t l iver 

type L pyruvat e kinase ac t ivity . Cu
++ 

was shown in the pre sent study 

t o  b e  a potent inhibitor of the S .  lactis pyruvat e kina se . eu
++ 

com­

plet e ly inhibit ed act ivity at a concentration of 0. 1  mM in the s tandard 

a s say and therefo re a 0 . 3% contamination of copper in a 5 mM ADP (ATP) 
solut ion would be more than sufficient to complete ly inhibit act ivity . 

A second consideration is that the � ·  lactis pyruvate kinase is  
s ensitive to phosphate inhibit ion (Pho sphate 

0•51 
= 0 .65 ml\i ) . 

c ontaminat ion o f  pho sphate in a 5 mM ADP (ATP) solut ion would be 

very 

A 'Cfo  

sufficient to inhibit 5Qfo of act ivity . Even though S igma grade s of 

the s e  nucleotide s were used the �!!!!�Pf Cu
++ 

and pho sphate should be 

t e st ed before any conclusions on the importance of ADP and ATP inhibition 

in v ivo can be drawn . 
� -

Unlike some other pyruvate kina se s ,  for example , tho se from 

Brevibacterium flavum ( Ozaki and Shii o , 1 969 ) and Bacillus liche niformis 

(Tuominen and Bernlohr (1 971 b ) , no AMP activat ion of the �· lacti s  � O  
e nzyme was appa rent . In fact AMP inhibited act ivity (AMP 

0• 51 
= 7.0  mM) . 

c ) Regulation by inorganic cat ions and anions 

The �· lactis � O  enzyme can be a ctivated and inhibite d  by a 

number of monovalent and divalent cat ions . The enzyme has an e s sential 

requirement for activity for both a monovalent and divalent cat ion . 
+ + 

Of the four monovalent cations studied, NH4 and K allo sterically 

activated the e nzyme to a s imilar extent . Na+ and Li
+ 

can only weakly 

a c t ivate and at higher co�centrations inhibit the enzyme . 

Only t hree of the divalent cat ions studied (Mg
++

, Mn
++ 

and eo
++ ) 

could a ct ivate the enzyme . O f  the se three , only with Mn
++ 

as the 

d ivalent cation wa s significant activ ity dete ctable without FDP. Mg
++

, 

in exce s s  of saturat ing act ivating concentrations allosterically 

inhibited activity . Other divalent cat ions ( Cu
++

, Zn
++

, ea
++

, Ni
++ 

and Ba
++ ) though not activat ing did allost erically inhib it the enzyme ' s  

act ivity at low c oncentrat ions ( c ompared to the concentration required 

f or Mg++ inhibition ) but w ith a � value c ons iderably le s s  than for 

M
++ 

· nh · b • t • 1g � � � �on . 



Both the divalent and monovalent activating cations allosterically 
activate the enzyme even in the presence of saturating FDP concentrations , 
an apparently unique feature amor� FDP activated pyruvate kine.ses . Higher 
cation concentrations than those used in the standard assay while not 
altering the � value for FDP binding did appear to de crease the � 

value for PEP binding to  pyruvate kinase . The relationship between 
cation activators and other allosteric effectors (FDP , ADP and PEP) 
could be important in � � control and therefore should be more 
thoroughly investigated in future studies .  

The activation of §_ .  lactis c1 O pyruvate kinase by Mn++  in the 
absence of FDP is very interesting . A similar apparent replacement of the 
e ssential requirement for FDP by Mn ++ was found for the .§.. f.E:..ecalis LDH 
( Section 2 . 5 )  although not for the .§.. lactis LDH . However the activation 
by Mn++ appears to be different from that of FDP, since the V in the max 
presence of saturating MnCl2 (no FDP) is  lower than the V max obtained in 
the presence of saturating MgCl2 and FDP concentrations . Also the V max 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 )  if Mn++ is the divalent cation 
rather than Mg++ . Inhibition by high ADP is le ss  marked when lvin++ 

rather than Mg++ is the divalent cation and the effect of pH on the kinetic 
properties of the enzyme �- f· o.lso different depending on whether Mn ++ or 
Mg++ is the divalent cation . S h d " ff t th t > C 

++ 1 " t  uc 1. - - erences sugges · a 1\in 1as J. s 
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 
manganese effect can be appreciated . The presence of Mn++ in the cell ,  
a t  least from the � �� 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 .5I = 0 . 65 mM) at concentrations that 
might well o ccur 1£ �· Phosphate increases the PEP and FDP require­
ment of the enzyme and may imply that a high intracellular pyruvate kinase 
activity in the pre sence of phosphate can only be achieved by high 1£ � 
FDP and PEP concentrations . 
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Maleate and sulphat e anions and tris and ��������!���� 
cations inhibit act ivity t o  different extent s . However their inhibit ion 

e ffect s are pro bably not important in relation to phys iological c ontrol 

of t he a c t iv ity of the e nzyme . The sensit ivity of pyruvate kina s e  t o  a 

wide range o f  ions , inc1uding c ommonly us ed buffe ring ions such a s  tris 

and maleate , and ions th2t may be pre s e nt in c ommercially supplied 

sub strate s such as the cyc lohexylammonium ion highlight the care that 

must b e  exerc i s e d  in extrapolating from 1£ vitro kinetic studie s t o  

in vivo c ondit i ons . 
- =�-

The overall study of the .§.. lact is pyruvate kina se he. s shown 

t hat a large number of factors c ontrol its a c t iv ity 1£ �i�?· The 

relevance o f  a ll the s e  fa ctors in relat ion to in vivo c ontrol of the 
- -

e nzyme is no t known . A s tudy of the relevant intracellular metab olite 

c oncentra t i ons may b e  helpful in this re spect . From this study on 

pyruvate kina s e , it is evident that further invest igat ion o f  the enzyme ' s  

p rop ertie s i s  des irable t o  unde rs tand the role o f  the enzyme in metabolic 

c ontro l . With the complexity of factors affe c t ing pyruvate kina se 

activity , a study of t he intra ce llular me tabolite c oncentrat ions may help 

in determining relevant .in � propertie s  to be further studie d .  



SECTION 4.  

6-PHOSPHOGLUCONATE DEHYDROGENASE 



4 .1 Introduction 

A brief investigation of the 6-phosphogluconatc dehydrogenase 
( E . C .1 :1 .1 .44) of �· lactis c1 0 wa s prompted by the observation of Brown 
and Wittenberger ( 1 971 a )  thv.t a pc.rtially purified preparation froo 
S .  faecalis was inhibited by FDP. FDP caused a decrease in V and an max 
increa se in the apparent � for 6-phosphogluconate and nicotinamide adenine 
dinucleotide phosphate (lUUDP+) .  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 
( 1 971 a ) also found that the 6-phosphogluconate dehydrogenase ( 6-PGDH) 
from other source s ( e . g .  Lactobacillus plantarum, �- £211, 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 qo a fairly general phenomenon. 

From the above r�sults Brown and Wittenberger (1 971 a )  concluded that 
the regulation of the hexose-nonophosphate pathway activity is effected 
in S .  faecalis by FDP inhibition of 6-PGDH . Uncontrolled use of the 
oxidat ive portion of the hexose-monopho sphate pathway is not desirable 
as this  would lead to an �Jbalance in the proport ion of biosynthotic 
intermediates such as pentose-phosphate and of NADPH, to the .A'rP produced 
by the glycolytic  pathway . The regulatory role of FDP in S .  faecalis 
is achieved by FDP inhibition of the hexose-monophosphate enzyme , 6-PGDH, 
on one hand and FDP activct ion of the glycolytic enzyme , LDH (Wittenberger 
and Angelo , 1 970) ,  on the othe r  hand . Therefore the intracellular con­
c entration of FDP can direct gluco se carbon to proceed preforent ially 

through the glycolytic pn.tlnmy (at high in .!i!£ FDP concentrat ion ) or 
through the hexose-oonopho 5phate pathway (at low in � PDP concentration ) . 
With the demonstration that 6-phosphogluconate dehydrogenase activity was 
inhibited by FDP in crude extracts  of several different organisms , Brown 
and Wittenberger ( 1 971 a ) suggest that this regulatory mechaniso may be of 
general s ignificance and deserves further consideration . 

Therefore t he �·  lactis c1 0 6-phosphogluconate dehydrogenase was 
studied to ascertain the effect of FDP on its activity. The s .  lactis c1 0 
gluco se-6-phosphate dehydrogenase (E . C .1 .1 .1 .49 ) was also studied to  
discover whether FDP had any e ffect on it s activity . 

In view of the difficulty encountered in demonstrating the inhibition 
of £• lactis c1 0 6-PGDH, the study was extended to a brief examination of 
the �·  faecalis ATCC 8043 6-PGDH in an attempt to reproduce the results 
of Brown and Wittenberger (1 971 a ) .  
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4. 2 Methods 

4 .2 . 1  6-Phosphogluconate Dehydrogenase Assay 

6-flG.DH activity w.:J..s estimated by measuring the increase in absor­
bance at 340 nm resulting froQ the 6-phosphogluconate-dependont reduction 
of NADP!" The standard assay system ( for both the §.· lactis c1 0 o..nd 
.§. .  faecalis ATCC 8043 enzyme s )  contained in a toto..l volw-Je of 3 cm

3 
: 80 rnvi 

triethanolamine/HCl buffer pH 7 - 5 ;  2 . 0  mM disodium 6-phosphogluconate 
( Sigma Chemical Company, Sigma Grade ) ;  1 . 0 mM NADP+ (Sigrna Grade ) and 
0 .1 cm3 of enzyme sample . Reactions were usually initiated by addition 
of enzyme sample . 

4 . 2 . 2  Glucose-6-Phosphate Dehydrogenase Assay 

Glucose-6-phosp��te dehydrogenase activity was measured by following 
the increase in absorbance at 340 nm resulting from the glucose-6-phosphate­
dependent reduction of  NADP; The standard assay system contained in a 
total volume of 3 cm3 

: Bo mM triethanolamine/HCl buffer pH 7 . 5 ;  2 . 0  mM 
monosodiuo D-glucose-6-phosphate ( Signa Gr�de ) ;  1 . 0 mM NADP+and 0. 1  cm

3 

of enzyme sample . Reactions were initiated by addition of enzyme saaple . 
Assays for both enzym0s were carried out at 25°C using a Beckman 

ACTA-3 spectrophotometer . 
An absorbA-nce ch11ngE: of 1 .0  unit per minute is used to express  enzyme 

activity ( for both enzymes ) . Protein concentration was determined by the 
oethod of Lowry et al . ( 1 951 ) • Specific activity � s expressed as unF 3 
per milligran of protein. 

!±:_?.3 Partial Purificntion _2_f tll,e_i,-,Phosphogluc9E,_at��De.Ez9£.o�ase � 
Glucose-6-Phosphat0 DGEldro�nase . 

§.. lactis c1 0 w3.s maintaine d as described in Section 2 . 2 . 1  • The 
growth and harve st of the S .  lactis cultures was as described in Section 

The harve sted cells were stored frozen overnight before dis-
ruption of cells . 

On the first partial 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 pre sent .  

A .  Breakage of cell s . Cells were thawed and suspended in 0 .� M 

phoaphate buffer + 0. 05% 2-IviE 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 1 3 , 000 g for fifteen minutes  at 

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

B .  Streptomycin sulphat� treatment . Nucleic acids were 

precipitated from the cell free extract by dropwise addition of strepto-
-z 

mycin sulphate  using 3 .  0 cm.:> of a 1 a% ( w/v ) solution for every 1 00  mg 

protein. The re sulting suspension was allowed to  stand for two hours 

before the precipitate wa s removed by centrifugation at 1 3 , 000 g for 

fifteen minutes . 

C .  Ammonium sulphate precipitation. The superno.tant after 

stroptooycin sulphate treatoent was dialysed against 0 . 01 M prosphate 

buffer + 0 . 1 %  2-NIE pH 7 . 0  for fifteen hours . Both enzymes were precipitated 

between 50 to 75% (NH4 )2so4 saturation by the method as de s cribed in Section 

3 . 3 .4. The precipitate was redissolved in 0 . 01 r,I phsophate buffer + 0 .1 %  

2-�ffi and dialysed against the same buffer for fifteen hours . 

The partial purification of the � lactis c1 0  6-phosphogluconate 

dehydrogenase and glucose-6-phosphate dehydrogena se is shovm in Table 4.2 .3 . 

Table 4 . 2 . 3 
Partial purification of the S .  lact is c1 0  6-phosphogluconnte 

dehydrogenase .. and glucose-6-phosphate dehydrogenase . 

Values obtained using the purification method in the absence 

of 2-mercaptoethanol are shown in brackets .  

Cell Free Extract 

Activit� Total Activity Specific Activitx 

(units/cm3 ) (units )  (units/mg protein) 

6-pho sphogluconate dehydrogenase 2 . 2 ( 2 .4 ) 
Glucose-6-phosphate dehydrogenase 5 .4 ( 5 . 8 )  

705 (71 o )  

1 730  (·1 740) 

0 .1 34 ( 0 . 1  30) 

0 .330 ( 0 . 31 4) 

Dialysed Streptomycin Sulphate 

Superna tant 

6-phosphogluconate dehydrogenase 

Glucose-6-phosphnte dehydrogenase 

Redissolved Dialysed 50-75% 

(NH4l2� Precipitate 

6-phosphogluconate dehydrogenase 

Glucose-6-phosphate dehydrogenase 

1 . 7 (1 . 8 )  

3 . 2 (3 . 6 )  

3 .4 (4. 2 )  

9 . 6  (1 0 .7 ) 

790 (81 0 )  

1 520 ( 1 620) 

370 (390 ) 

1 050 (995 ) 

0.1 62 ( 0 .1 64) 

0 . 304 ( 0 . 330 )  

0 .22 7  ( 0 . 237) 

0 . 640 ( 0 . 600) 



1 92 .  

S .  faecalis ATCC 8043 was grown on a gluco se medium as de s cribed 
in Section 2 . 5 . 2 .  The part ial purificat ion of 2·  faecalis 6-phospho­
gluconate dehydrogenase sinply involved treat ing a cell-free extract in 
0 . 01 :M phosphat e buffer pH 7 . o with streptomycin sulphat e a s  de s cribe d in 
S e ction 2 .5 . 2 .  No 2-ME vms pre sent in the buffers . The initial 
specific activity of the 6-PGDH in the �· fae calis crude extract wa s 0 . 1 56 
unit s/mg and was only slightly increased by the streptomycin sulphate 

t reatment to 0 . 1 71 unit s/mg . 

4-.3 Results 

4- .3 .1 Studie s on the Partially Purified 6-Phosphogluconate Dehydrogena se 
from s .  la ct is c� 0 . 

The enzyme samples from the cell free E::xtract , dialyse d  streptomycin 
s ulphate supernatant and the redissolved dialysed (�lli4- )2so4- pre c ipitate 
were all used in the study of the effe ct of FDP on the �· lactis 6-PGDH 
a ctivity . The enzyme sample s from the preparat ion where 2 -:ME was present 
in the buffers were all dialysed in 0 . �  M phosphate buffer pH 7 . 0  for 

24 hours prior to studying the FDP effect . Removal of 2-ME wa s ne c e s sary 
a s  Brown and Wittenberger ( 1 971 a )  showed that the presence of 2 -1lli com­
p letely blocked the FDP inhibit ion of 6-PGDH from �- faecalis . 

Using the standard as say condit ions ( 2  �1 6-phosphogluconate and 
1 . 0  mM NADP+ ) with either the standard a ssay buffer ( 80 oM triethanolamine/ 
IiCl buffer pH 7 .5 ) ,  80 1nH tris/HCl buffer pH 7 . 5  or 80 nM pho sphat e buffer 
KJ-I2Po4/NaOH pH 7 . 5 ,  the act ivity of t he sample s wa s met>..sure d in the absence 
of FDP and then in the presence of 0 . 1 , 1 . 0 ,  5 . 0 and 1 0  mM l'DP. The 
6 + -pho sphogluconate and NADP were decreased to 0 . 2  mM and 0 . 1  mM respectively ,  

and the above a ssay procedures repeated . The enzyme sample s prepared in 
b oth the pre sence and absence of 2-ME and from all thre e stages of the 

partial purification were used to study the effect of FDP on activity . 
Under none of the a bove assay conditions ,  us ing any of the enzyme 

sample s ,  did any of the FDP concentrations inhibit the S .  lacti s  6-PGDH 
a ctivity .  Enzyme activity was a lso unaffected by the cho ice of the 
a s say buffer .  
wa s detected.  

If NAD+ repla ced NADP+ a s  the c oenzyme , then no activ ity 

In the first attempt to show the FDP inhibition of the enzyme ' s  
a ctivity the enzyme wa s purified in the pre sence of 2-ME . The enzyme 
samples were dialysed fre e of 2-ME before the FDP e ffect 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 inse nsitive to FDP inhibition. 

In a personal co��unication from Dr C oL o  Wittenberger it was 
suggested that the order or· addition of component s of the e. s say mixture 
wa s important . The reaction when initiated with NADP+ rather than enzyme , 
was more sensitive to FDP inr1ibition . Therefore FDP inhibition was also 
tested by adding NADP+ last to initiate the S .  lactis c1 0  6-PGDH reaction . 
In this assay, the assay components were added to  the curvette in tho 
following order :  buffer, 6-phosphogluconate , FDP and enzyme . The com­
ponents are mixed and incubated at 25°C for three to five minute s .  The 
reaction was then initiated by adding NADP+ . The two different }�DP+ 

and 6-phosphogluconate concentrations were used and the FDP was tested 
at concentrations of 0.1 , 1 . 0, 5 . 0 and 1 0 mM FDP . Again, however, no 
inhibition by FDP was detected . 

4 .3. 2  Studies o n  the 6-Phosphogluconate Dehydro�nase from 
�· faecalis ATCC 8043 . 

Because of the failure to demonstrate FDP inhibition of the 
.§., lactis c1 0 6-PGDH, attempts were made to repeat the observation of 
Brown and Wi ttenberger ( 1 971 a )  on the 6-PGDH of .§.. f.E:_ecalis MR. ( also 
strains 1 OCl and N-55 ) .  Note that in this study a different S .  faecalis 
strain is being used.  

The samples from the cell-free extract and the dialysed strepto­
mycin sulphate supernatant from S .  faecalis were assayed for the effect 
of FDP on 6-PGDH activity . The same a ssay conditions were tried for the 
S .  fuecalis enzyme as weru 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 . 

4.3.3 Studies on the Partially Purified Glucose-6-Phosphate 
Dehydrogenase from S .  lactis C� o · 

The effect of FDP on the S .  lactis c1 0  glucose-6-phosphate 
dehydrogenase activity was studied using the same conditions and the 



same enzyme samples as described ( Section 4.3 . 1 ) for studying 6-PGDH 
except that the substrata was glucose-6-phosphate at a concentration 
of 2 .0 mM or 0 . 2  �� . 

The glucose-6-phosphate dehydrogenase was not affected by FDP 
under any of the assay conditions . 

4 .4 Discussion 
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The 6-phosphogluconate dehydrogenase in relatively crude preparations 
£rom �· lactis c1 0  and from �· faecalis ATCC 8043 was shown to  be insensitive 
to FDP inhibition under all of the as say conditions tried. This differs 
f'rom the results of Brown and Wittenberger ( 1 971 a )  where the enzyme from 
� ·  fsecalis 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 ( 1 971 a )  and later extensive studied by Bridges and 
Wittenberger ( in  press )  have not been resolved, some pos sible 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 complox phenomenon. Buffers such as imidazole , 
glycylglycine , Bicine and histidine markedly decrease the degree of 
inhibition by FDP.  Brown and Wittenberger ( 1 971 a ) showed that the 
pre sence of 2 -mercaptoethanol prevents FDP from inhibiting the �· faecalis 
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 les s sensitive ) to FDP. 
of free EDTA did not restore FDP activity. 

However dialysis 

In the pre sent study, no EDTA was present at any stage of the 
purification or assay, the use of 2-1ffi was avoided in the second 
purification from �· 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 dif'ference 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 specie s must be re-investigated on more highly purified 6-phospho­
gluconate dehydrogenase s .  
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The use of relatively crude preparations i s  open t o  the objection 
th�t other enzymes such cs phosphatase s or FDP aldolases may be present 
and hence could result in rapid removal of  the FDP in the assay mixture . 
However, Brown and Wittenborger ( 1 971 a )  found 60-8Q% inhibition of 6-PGDH 
in 1 0  n� FDP in crude cell-free extracts of S .  faecalis and other species . 
No inhibition was found at 1 0  rnM FDP in the present work on the S .  lactis 
enzyme . Even if aldolase or phosphatase s were present at a specific 
activity of 1 0  units/mg protein ( i . e .  50 times  hicher than the 6-PGDH 
specific activity) it would take two minutes at least to  decrease the FDP 
concentration from 1 0  rnM to 1 mM . Since 1 mM FDP inhibited the partially 
purified 6-PGDH by 6o% in the work of Brown and Wittenberger at least a 
t ransient inhibition by 1 0 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 activr:�tion was found, 
indicating that FDP was not degraded to  any significant extent in crude 
extracts .  

Brown and Wittenberger ( 1 971 a )  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 for:as of the enzyme may exist , one being sensitive 
to FDP and the other being insensitive to this inhibitor . The se could 
be interconvertible foros or genetically distinct j soenzymos .  It wou�.d 
seer.: unlikely that one form of the 6-phosphogluconate dehydrogenase should 
be  present in this study c.nu the other form predominate in the study of 
Brown and Wittenberger (1 971 a ) . 

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 ( 1 971 a ) may have resulted in the trans­
formation of one form of the enzyme to another . In the presen·t study the 
culture was grown without D.eration 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 1 0 fold higher levels 
of sugars , tryptone and yeast extract than the medium in which Brown and 
Wittenberger grew their §_. fae calis . If  there exists regulated and 
unregulated isoenzyL�es ( or inter�onvertible forns ) of 6-PGDH then it i3 
plausible that the regulated 6-PGDH might be repressed under conditions 
of high carbohydrate and nutrient availability . 

�· faecalis kffi also pos sesses  a NP�+-specific 6-phosphogluconate 
dehydrogenase which was present only when cells were grown on gluconate 
(not on glucose or lactose ) as the carbon source �:U.cown and Wittenberger , 
1 972a ) . 
by ATP .  

The NAD+-linked enzyme was insens�tive to  FDP but was inhibited 
This contrasts with the constitutive NADP+-linked enzyne which 

is specifically inhibited by FDP but is insensitive to ATP. In this 
study , £•  lactis c1 0 and � · 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 �· lactis � O  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 £• �cti� � O and the �· faecalis 
ATCC 8043 6-phosphogluco��te dehydrogena se in the control of carbohydrate 
metabolism can be discussed with any degree of certainty . 



SECTION 5. 

IN VIVO MEI'.l\.BOLITE CONCENTRATIOIJS 
=---�-=-------�- --------



5 . 1 Introduction . 
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In studying the properties of the �· la� � O  LDH and pyruvate 
kinase , a number of findings have indicated that a study of the intra­
cellular concentrations may help -'eo solve some of t:1e problems raised by 
the � � kinetic studie s ,  for example the widely different FDP 
requirements for the LDH, depending on the buffer used in the a ssay . 
Comparison of 1E vivo concentrat�ons of effectors with kinetic properties 
determined in vitro by other workers has proved u�8ful in assessing the 
physiological significance of particular properties . 

Taylor and Bailey (1 967) 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 
mechanisn fro@ liver glycolysis to gluconeogenesis via a posit ive feed­
forward effect . Van Berkel � El• ( 1 974) showed that if the pyruvate  
kinase (1-type ) from rat liver was studied at  }� vivo concentrations of 
PEP then the kinetic properties are such that the enzyme can be controlled 
by FDP, contrary to the c onclusion of Koster et �· (1 972 ) ,  who studied the 
e nzyme at elevated non-physiological PEP concentrations . 

There appear to have been relatively few previous studies of the 
c oncentration of glycolytic intermediates in lactic acid bacteria . 
Mizushima and Kitahara ( '1 964) studied the intracellular concentrntions of 
glycolytic intermediates in glucose-metabolising , washed cells of 
Lactobacillus plantarum. They u�ed the methods of Bartlett ( 1 959a anc b )  
to  isolate the intermediates  by ion exchange column chromatography and 
deter.oined the intracellular concentrations by chemical methods . 
Fermentation wns stopped by pouring the reaction mixture into ten volume s 
of  boiling water . The c oncentrations of some of  the glycolytic inter­
mediates were found to be  quite high : 1 7  mM FDP; 39 mM 3-phosphoglycerate 
and 5 .5 mM PEP.  

A quicker and more sensitive method was used by Lowry � !:.!• ( 1 971 ) , 
who studied the effect of carbon and nitrogen sources  on the level of 
intracellular concentrations in logarithmically growing �· coli . The 
medium was separated from the cells by rapid filtration and cell 
metabolism was iomediately stopped by rapid freezing of the filter plus 
cells . HCl04 was used to  extract the metabolites  and fluorometric­
enzymatic analysis measured the concentrations . This general method of 
LowTY � �· (1 971 ) was used for the measurement of intracellular 
metabolites in s .  lactis c1 0 "  
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Collins and Thomas ( 1 974)  used the method of Lowry £! �· ( 1 971 ) 
to measure the intracellulcr metabolite concentrations (PEP, ADP and FDP) 

present in exponentially growing �· lactis ML3 and compared the value s 
to the l£ vitro kinetic propertie s  of pyruvate kinase . 

The study by Collins and Thomas ( 1 974) was therefore used as a 
basis for the study of the intracellular netabolito concentrations present 
in S .  lactis c1 0 • The i� !i!£ concentrations of ATP , ADP, FDP, PEP and 
pyruvate measured in S .  lactis c1 0  will be related to the relevant in �itr� 
kinetic propertie s  of LDH and pyruvate kinase studied in Sections 2 and 3 
of this thesis . 

The intracellular metabolite concentrations were measured at 
different stages of growth of £ · lactis c1 0 • 

The LDH of � · lactis c1 0  was shown to have different � vitro 
properties from the LDH of � · faecalis (Section 2 .5 of this thesis and 
Wittenberger and Angelo , 1 970) . The metabolite concentrations were also 
determined in S .  faecalis to  see if any major concentration differences  
exist between the two species that may relate to their distinctive 
i£ vitro LDH propertie s .  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 value varies widely depending 
on a ssay conditions (Holland and Pritchard, 1 975 ) .  The work on 
f· casei,  reported in this section of the thesis , was carried out by 
Dr G . G .  Pri tchard at the sane time and with the s2.me methods as for 
S .  lactis and S .  faecal is . 



5.2  Materials and Methods . 

5.2 . 1 Organisms . 

Streptococcus lactis c1 0 was maintained as d0scribed in 
Section 2 . 2 .1 and grown at 30°C in the medium of Jago £1 �· (1 971 )  
( see  Section 2 . 3 . 1 ) .  
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Streptococcus faecalis ATCC 8043 was grown on the same medium and 
under the same conditions as for .§_. lact,=h� c1 0 •  

Lactobacillus � 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 mediura of Gasser ( 1 970 ) . 

2.2 . 2  Chemicals .  

Aldolase ( 1 0  units/mg ) ,  <:>(-glycerophosphate dehydrogenase-triose 
phosphate isomerase (rabbit muscle type II ) ,  lactate dehydrogenase ( rabbit 
muscle type I I ,  960 units/mg ) ,  pyruvate kinase (390 units/mg ) ,  gluco se-6-
phosphate dehydrogenase ( type XII from Torula Yeast , 420 units/mg , sulphate 
froe ) and hexokinase ( type F-300, from Bakers Yeast , 200 units/m& sulphate 
free ) were all obtained from t he Sigi!la Chemical Company . Adenosine 
51 -tripho sphate (ATP) , Phosphoenolpyruvate (PEP) , Adenosine 51 -Diphosphate 

(ADP) , NADH, NADP+ and imidazole ( low fluorescence blank) were also obtained 
from Sigma . MgCl2 , KCl and K2co3 were obtained from BDH (Anala R grade ) .  
Glucose and HClo4 were obtained from Hopkins and Willians , and Riedel-D,.; Haen, 
respectively.  

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.  ( 1 971 ) as modified by Collins and Thomas ( 1 974) .  The cells 
were collected from 1 5 , 25 or 50 cm3 of medium , depending on cell density, 
by rapid filtration on a 47 ill@ diameter membrane filter (Millipore Corp . ,  
0 .8  � 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 1 5 cm3 centrifuge tube containing 5 cm3 of 
0;6  M HCl04 at 0°C .  The tube and contents  were thoroughly mixed and 
left for twenty minutes on ice . A calculated amount of K2co3 was added 
to the tube contents  to neutralize the HC104• The resulting KC104 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 int o three equal 
volumes and stored frozen until it could be analysed as  described in the 
next section. 

5 . 2 .4 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 triosephospl:ate s  ar.J. FDP. Samples stored 
frozen for two days were used for determination of the intracellular con-
centrations of PEP, ADP and pyruvate .  Saoples stored frozen for three 
days were used for deteroinations of the intracellular concentration of 
glucose-6-phosphate (G6P) and ATP. The concentration of all .netabolites 
appeared to be c onstant 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 netabolites �ere performed 
by fluorometric-enzymatic nnalysis  of the extracts at 25° C ·Nith NADH 
indicator systems as  described by Lowry � �· ( 1 971 ) . A Model 430 
SpectrofluoroQeter from Turner Associates was used, set at an excitation 
wavelength of 350 nm and an emission wavelength of 468 no . The sensitivity 
of the Spectrofluorometer was kept constant by standardization with a 
quinine sulphate/H2so4 solution. Though 85 I!".M i£1idazole vms present in 
the assay mixture , the sample s still gave some fluorescence , so that for 
each extract a suitable blaru� 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 o f  Triosephosphates  and FDP. 
FDP was measured by coupling aldolase , triosephospho.te isomerase 

and 0(-glycerophosphate dehydrogenase react ions and measuring the 
decrease in fluores cence due to 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 triosephosphate s  

in the extracts wa s corrected for, in the determination o f  the FDP 

concentrat ion. 

The reaction mixture contained 85 mM imidazole/hydrochloride 

buffer pH 7 . 0 ,  5 �M �\DH, 30 �g aldolase , 6 �g of triosephosphate 

isomerase- -�-glycerophosphate dehydrogenase mixture and extract (up to 

0. 1  cm3 ) in a final volune of 2 . 5  cm3 • 

B)  Measurement of PEP, ADP and Pyruvate .  

PEP and ADP were mea sured by coupling pyruvate kinase and LDH 

reactions and measuring the decrease in fluorescence due to NADH a fter 

completion of the react ion .  Pyruvate was measured in the extracts by 

omitting pyruvate kinase from the reaction mixture . The pre sence of 

pyruvate in the extract s wa s corrected for in the determinations of PEP 

and ADP concentrations . 

The react ion mixture contained 85 mM imidaz ole/hydrochloride buffer 

pK 7 .0 ,  5 �if NADH, 4 mM MgC12 , 80 mM KCl ,  20 �g of LDH, 8 �g of pyruvate 

kinase , either 200 �1 ADP or 80 !.!M PEP (for PEP and ADP measurements , 

respectively)  and extract sample (up to 0. 1  cm3 ) in a final volume of 

2 .5 cm3 • 

C )  Mea surement o f  ATP and G6P. 

ATP was measured by coupling hexokinase and glucose-6-phosphate 

dehydrogenase reactions and measuring the increase in fluorescence of 

NADPH after c ompletion o f  the reaction.  Glucose-6-phosphate (G6P) was 

measured in the extract s by omitting hexokinase from the reaction mixture . 

The pre sence of G6P in the extracts was corrected for in the calculations 

of ATP concentrations . 

The reaction mixture contained 85 w� imidazole/hydrochloride buffer 
+ pH 7 .0 ,  30 �i NADP , 5 QM MgC12 , 200 � glucose , 2 . 5  �g of glucose-6-

phosphate dehydrogenase , 1 0  �g of hexokinase and extract sample (up to 

0 .1 cm3 ) in the final volume of 2 .5 cm3 . 

In the mea surement of mo st intracellular metabolites (PEP, FDP, 

ATP, G6P, Pyruvate and triosephosphate s )  reaction was complete within 

five to ten minutes .  However in the measurement of intracellular ADP, 

the reaction was still not complete aft er ten minutes . The reaction 

rate for the assay mixture oeasuring intracellular ADP was b iphasic . 



202 . 

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 
be ing measured . Both the concentration of ADP calculated from the 
fluorescence change aft er the fast fluorescence decrease  and concentration 
calculated from the total fluorescence change after the slow fluorescence 
will be given .  

5. 2 .5 Determination of  Intracellular Volume . 

The intracellul�r volume of the bacteria harvested from cultures 
was determined by two methods . 

Method A .  Cell sample s were collected from 25 to 50 cm3 of medium 
on a 47 mm diameter membrane filter ( Oxoid, 0.45 � pore diameter) . Just 
prior to collecting the saraples , 25 to 50 cm3 of meditm1 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 mediuu could then 
be calculated .  From a graph of wet weight of cells/25 cm3 mediULl against  
time the wet weight s of  samples taken for metabolite estimation could be  
determined . 

The intracellul�r 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 e stimates for a number of bacterial specie s )  and 
that the ratio of protoplasm to t otal cell volume was 5/6 . The ratio 
of protoplasm to total cell volume was estimated  from e lectron Qicrographs 
of �·  lactis ML3 (Thoma s ,  1 968 ) . This calculation of intracellular volume 
did not take into account the interstitial water and the refore would lead 
to high values being calculated for the intracellular volume . 

Method B.  The second method takes into a ccount the interstitial 
water . A conversion factor, derived by J .  Thompson, and reported by 
Collins and Thomas ( 1 9 74) 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 ( 1 962 ) in which the volume external to the 
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protoplast membrane was determined with 1 4c 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 

volume of 1 . 6 cm3 • He has found that this conversion factor is consis­

tant for several streptococcal species ,  including �·  lactis c1 0 • The use 

of this factor in determining the intracellular volume for �· faecalis 

ATCC 8043 and 1• casei may be  subject to some error . 

5.2 . 6  Measurement of Mangane se Content of Cells . 

The manganese content of �· lactis � O  cells was determined as 

follows : One sample was collected from exponentially growing cu+tures 

( 0.1 25 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 cm3 of medium by centrifugation at 1 3 ,000 g for twenty minutes .  The 

pellet of precipitated cells was quickly resuspended in 1 %  NaCl solution 

and reprecipitated by centrifugation at 1 3 ,000 g for ten ninutes . This 

washing procedure was repeated once more before the cells were fro zen . 

One week later the frozen cells were dried at 1 00°C ,  then ashed at 500°C .  

The ashed material was dissolved in 1 0  cm3 of 0.1  M HCl and the manganese 

concentration was measured on an Atomic Absorption Spectrophotometer 
(Varian-Techtron) by Dr R.  Brooks . 

_2.2 .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 

removed from the medium ( 20 cm3 ) by centrifugation at 1 5 ,000 g for ten 

minute s .  The medium was then frozen until used for determination of the 
re due ing sugar . 

The reducing sugar content in the cell-free medium was determined 

by the Somogyi-Nelson Method (Somogyi, 1 952) .  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 arsenomolybdate reagent was added, followed by 7 cm3 

of distilled water . The sample was mixed and absorbance read at 520 nm .  

A standard curve was constructed using known amounts o f  lactose a s  the 

reducing sugar . 



5 .3 Result s and Discus sion from Studies on the Intracellular 

Metabolite Concentrations . 

5 .3 .1 . Growth of S .  �t� c1 0  

204. 

In studying the intracellular concentrations of metabolites in 

S .  lactis c1 0 , two culture s were grown . The first culture was a trial run , 

so only four samples wore taken to dete rmine 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 int ended to take 

sample s covering a range of growth stages from mic-exponential phase t o  

the stationary phase . However, before the last three samples from the 

second experiment were taken , the pH of the medium was inadvertently 

increa sed to pH 9 .5 by excess addit ion of NaOH (which wa s being adde d  t o  

maintain the pH near 6 . 5 ) .  The growth of the � ·  lact is c1 0 in the second 

experiment is shown in Figure 5 .3 .1 . In the same figure , the reduc ing 

sugar c oncentration is shown as a funct ion o f  the �·  la ctis c1 0  growth. 

The jump in pH from 6 . 25 to 9 . 5 ,  six hours after inoculation, caused a 

rapid cessat ion of bacterial growth and of reducing sugar ut ilization. 

5 - 3 . 2  Intrace llular Metabolite Concentrat ions from S. lactis c1 0 : 
First Experiment . 

For the first exp eriment , two samples were taken from exponentially 

growing culture s and two samples were taken from the stationary phase at 

the end of growth . The intrace llular concentrat ions of the metabolit es 
I 

( FDP, trio se � S ,  G6P , ATP, Pyruvat e ,  PEP and ADP) were determined in the 

four sample s .  Re sult s are shown in Table s 5 .3 . 2 a and b .  

The intracellular concentrat ions , a s  estimated us ing intracellular 

volumes calculated by Method B ,  are 1 . 9  time s higher than the concentrations 

estimated from the intracellular volume s calculated by Method A .  This 

difference indicate s that the error introduced in Method A by interstitial 

water is significant . 

The two samples from t he exponentially growing culture gave very 

similar metabolit e concentrations . The two sample s from the stat ionary 

pha se also gave very similar concentrat ions . However some of the 

metabolite s are pre s ent at different concentrations at the two different 

sampling time s .  The metabolite s  FDP, G6P and ATP appear to de crease 
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The growth of Streptococcus lactis C1 0  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 mediu m  was innoculated with a log phase culture. 
KEY:  (D) ,  bacterial mass (wet weight of bacteria/25cm3 of med ium) . 

( • ) , absorbance at 600nm. 
(0), g reducing sugar /l itre. 
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Table 5 .3 . �  a and b 

The intracellular concentrations of metabolites 

Table a 
First experir.lent for §_. 1£....ct is c1 0 where Method A of Section 5 .2 .5  was used 
to deteroine the intracellular volume . 

Wet Weight Intracellular concentration of metabolites  (mM� 
of bacteria 

ADp*A ADpeB (g/25 cm3 ) FDP Triose ro4s G6P ATP Pyruvate PEP 

0 .1 1 4 6 . 3  1 .7  3 . 3 9 .1 0 .93 0 . 86 3 . 5 1 7 . 6  
0 . 1  26 7 -3 1 . 8  3 -4 8 . 6  0 . 95 0 . 92 3 . 2  1 7  .o  

0 .3 64 2 . 0 1 . 6  1 .5 2 . 8  1 . 30 1 . 05 2 . 0  1 5 .4 
0 .363 2 . 1 1 . 6  1 . o  2 . 6  1 . 20 1 . 00 2 .1 1 5 .6 

.. 

Table b 
First experiment for S .  lactis � O  where Method B of Section 5 . 2 . 5 was used 
to determine the intracellular volume . 

-

0. 1 1 4  1 2  . o  3 .2 6 . 3  1 7 . 2  1 . 7 1 • 6 6 . 6  33 . 0  
0 .1 26 1 3 . 8  3 .4- 6 .5  1 6 . 3  1 . 8  1 . 7 6 . 0  32 .0  
0 .364 3 . 8 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  29 .5 

}EA The ADP concentration that is calculated only from the fluore scence change 
from the fast phase of tho react ion. 

xB The ADP concentration that is calculated from the total fluorescence 
change after the slow phase of the reaction was completed. 
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approximately three fold in concentration a s  the exponentially growing 

cultures enter stationa� phase . These results indicate that it is 

important to invest igate the intracellular metabolite concentration at 

different phases  of growth of & · ]� c1 0 " 

5 . 3 . 3  Intra cellular Metabolite Concentrations from S .  lactis c1 0 : 

Second Experiment . 

In the se cond experiment , e ight samples were taken from the �· lact�s 

c1 0  culture . Five of the se sample s were taken at successive time intervals 

from exponent ially growing cultures .  The last three sample s were taken 
late in exponential phase , after the medium pH had been increased to 9 .5 

( see Figure 5 . 3 . 1 ) .  The intracellular concentrations of  motabolites 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 �·  lactis , �· faecalis and �·  casei 

are shown in Table 5 . 3 .3 .  The protoplast volume as calculated by 

Method B wa s used to estimate the intracellular concentrations . 

The concentrations for the metabolites  present in exponentially 

growing cells of � ·  �is c1 0  are only slightly higher than the two 

value s taken fro� saoples at a similar growth phase in the first experiment . 

The intracellular concentrations pre sent in the three sample s ( see 

Table 5 . 3 .3 )  taken from the £· ·1act� culture after the pH had been 

accidentally increased to 9 . 5 , are substant ially different from the con­

centration:.; determined froo the fh·e sample s obtained from the 

exponentially growing cultures .  The FDP concentration has decreased by 

ten fold , the G6P by four fold and the ATP concentration by e ighteen fold . 

The pyruvate , PEP and ADP concentrations on the other hand, have increased 

at least two fold a s  the pH was increa sed to pH 9 . 5 .  The change s  in the 

concentrat ions may be due , in part , to the culture be ing 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 i s  

well above the limit that cells are likely to encounter under natural 

conditions , it would be unwise to draw conclusions on the physiological 

s ignificance 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 change their concentrations markedly with 
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'l'able 5 . 3 . 3 
The intracellular concentrat ion of metabolit e s  

in � - la ct is , �- faecalis a nd �- case i .  

This was the se cond exp eriment f01 §..  lact i s  c1 0 • · ·  For a ll three spe c L s  
Method B of Section 5 . 2 . 5 wa s used t o  det ermine the intracellular volun:e . 

Wet We ight Intrace llular concentration o f  metabolite s . (Dl)) 
of bacteria 

_
( g
_

/
_

2
_
5
_

cm
_

3
�

)
-t-_

M
_

n
--
+�-'-=:�J.:.,rios e Fo4s G6P .ATP Pyruvate PEP l AD� AD�B 

S .  lac t is 
0 . 055 
0 . 1 0 9  
0 .1 1 8  
0 . 1 55 
0 .1 8 9  
0 . 241 
0 . 240 
0 . 240 

S .  fae cali s  
0 . 021 
0 . 02 3  

L .  ca sei 
� 

0 . 071 
0 . 098 

1 4 . 9  
1 4 . 9  

0 . 50 1 3 . 2 
1 3 . 2  
1 2 . 7  

1 . 8  
1 . 1  

0 . 26 1 . o 

4 . 5  
4 . 0 
3 . 2 
2 . 5 
2 . 3  
1 . 3 
1 . 3 
1 - 3 

9 . 6 
5 · 7 
6 .4 
8 . 3  
4 . 2 
1 . 3  
0 . 94 
0 . 94 

1 9 . 8  
1 8 . 0  
2 0 . 8 
1 8 . 9  
1 1 . 7  

1 . 3 
0 . 94 
1 . 3  

2 . 6  
1 . 9 
3 . 2  
3 - 4  
2 . 5 

1 1  .4 
1 1  • 9 
1 2 . 3  

1 . 9 
1 . 7 
1 . 9 
2 . 3 
1 . 7 
5 . 3  
5 . 7 
5 . 7  

7 . 6  
7 - 8  
7 · 7 
7 . 9  
7 · 7  

1 5 - 5 
1 5 . 7  
1 5  · 3 

41 · 5  
4-4- . 0  
h-3 . 0  
45 . 0  
43 . 0  
75 . 0  
77 - 0 

75 . 0 

4 . 7  2 . 7 4 . •  2 4 - 9  24 . 0  7 . 6  8 . 5 47 . 0 
4 . 3  1 ��2_._3_-+_4_._o-t-_s_._2-

+
-26_._o_

�:
-8-. 5

-
+-_8_.�5 . l�7 . o �r-�·- - � � · 

22 . 0  3 . 2 
5 0 . 0  1 1 . 7 3 . 2 

6 . 4 1 4 . 2 
5 - 7  1 2 . 9  

6 . 2  
3 . 8 

9 -4 55 . 0  
8 . 9  1 49 . 0  

�A The ADP concentrat ion thnt is calculated only from the fluore s cence change 
from t he fast phase of the react ion . 

xB The ADP concentration that is calculated from t he total fluore s c ence 
chang e  after the slow phase o f  the reaction wa s 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 streptoco ccal glycolYtic control . 

In comparing the intracellular metabolite concentration of the 

three species  studied ( results sho�vn in Table 5 . 3 . 3 )  it must be borne 

in mind that the growth media for the three species are somewhat 

different , the stage of grov�h at which the sample s were taken is con­

sj derably earlj_er fo:· §. · j'aecaJ " �  than for the c t:1e:.' two species ,  a nd the 

factor used for calculating intracellular volUBe of £.  lactis may b e  

different for the other two specie s .  

There is however quite clo se agreement between the concentrations 

of metabolites in £• �i� and those of �· cas�i except that pyruvate 

and PEP are higher in �· c�Eei .  O n  the other hand, the concentrations 

in the two early log phase samples from §.. f�_is are quite different 

from the concentrations in the earliest samples of the �·  lac� culture s . 

Notable differences are the lower FDP concentration in S .  faecalis and =·��� 
also the lower ATP/ADP ratio and the much higher pyruvate  and PEP con-

centra t ions . It is interesting to note that high pyruvate and PEP 

concentrations correlated with low FDP and ATP in the samples  from 

S .  faecalis . 
= �-.. .-::-...,.,. ...... _� This trend wc. s also evident in the last three sample s 

from £ ·  la� where lactose uptake had pre sumably ceased . 

The Mn++ concentrat ions of £ ·  lac�is and b·  �ei are very 

differenJc . 1 . �all�� ;h. was grown in a medium contair1ing 0 .  22 mM Mn ++ 

whereas no Mn ++ was added "eo the S .  lactis medium. . The high Mn ++ con-

centration in 1 .  casei is of in�erest in relation to the activation of 
--- � . .,., 

the 1DH in this species by Hr/+ ( de Vries et a�. } 1 970; Holland and 

Pritchard, 1 975 ) .  The concentration of Mn ++ i s  r:alculated on the 

assumption that the Mn·,- ,- is distributed homogeneously throughout the 

cell volume which is DP�ikely to be the case . Even so the Mn++ con-

centration present in �· 9�i ( see Table 5 .3 . 3 )  is very high and may 

be sufficient to affect the LDH activity. Such a high in � Mn++ 

concentration implies an active transport system for Mn++ . 

The 1DH ' s from �· ?�s� (Holland and Pritchard, 1 975 ) and 

S .  lactis (this thesis ) are sensitive to phosphate whereas the 

S .  faecal� 1DH is insensitive to  phosphate inhibition ( this thesis ) .  

Both � ·  lactis and 1 ·  � have apparently higher in vivo FDP con­

centrations than found in S .  _faecal,is . This might :inply a high 
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lE !1!£ FDP concentrat ion pre sent in L .  casoi  and S .  lactis t o  overcome 

phosphate inhibition of the LDH . However the in vivo FDP concentration 

present in �· f�� is st ill significantly higher than the in vitrr 

FDP requirement for its activity. Because of thi s ,  the difference 

between the jE vivo FDP concentration of S .  faecalis and S .  lact is is 

not necessarily related to the differential effect on LDH activity. 

Collins and Thomas ( 1 97L�) studied the intracellular concentration 

of metabolites in exponentially growing � · 1���ic 1�3 usi�g virtually 

identical methods to those in the present study . The concentrations 

reported for S .  lactis 1�7. are : 
- ·- -��- :J 

FDP = 1 8 .3  ± 1 . 8 mM ;  ADP = 2 .4 ± 0 .3  mM 
and PEP = 0 . 76 � 0.1 5 mM. The values found in exponentially growing 

� ·  �� � O are shown in Table 5 .3 .3 where FDP = 1 2 . 7  to 1 4. 9  rtiM; 
ADP = 7 . 6  to 7 . 9  mM and PEP = 1 . 7 to 2 .3 mM .  The FDP concentrations 

are of the sa.r:1e order but the PEP and ADP concentrations are considera�ly 

lower in �·  lactis ML3 . A likely reason for the differences is the 

different media used . Collins and Thomas (1 974 )  used a T5 mediuo a s  

de scribed by Thomas £i ?1 · ( 1 974 ) . The T5 medium contains 0 .5% lac+. 0 �0  

compared to  the 3% used for f ·  lactis c1 0  and the concentrat ion of 

protein hydrolys2tes were also considerably lower in their medium. 

Mizushima and Kitahara ( 1 964) estimated the intracellular gly-:: o} :- �ic 

concentrations in _l�_cto._"t?a cil1us plantarum by very different methods to  

those used for .§_. _;l.E;.�t_i.� c1 0 . and §_. lactis :NJL3 . The ir estimate of the 

FDP ( 1 7 LlM) and PEP (5 . 5  mM) wert- sir:J.ilar to the re spective concentrn·� .e>':'.S 
found in the two §.. �£ii� species . 

..2..:..2•4 Relatio!l_of��I}.V��C:.���E.�.aE Me�abo:1it�_Q,<?,�.centrations to the 

Kinet ic P:_r:�
ete

-� o��
t?.e

_�
s 
.
. lactis c1 CLI:_?H and Pyruvate Kinase 

A .  _!._?.ct_at.�_d..§:g:y:dr.E.,g���· For S .  lac��� the appropriate intra-· 

ce llular metabolite concentrations present in an exponentially growing 

culture are shown along with the respe ctive kinetic parameters for LDII 

in Table 5 . 3 .� .  The in vivo FDP concentration is at a :;lufficiently 

high level to  fully activate the enzyme in � even if the high 

FDP 0 •5V value found in phosphate buffer represents the in !i!2 affin�ty 

of the LDH for FDP .  The in vivo FDP concentration was three time s that - -
required for half maximal activity (FDP 0 .5V) determined in phosphate 

buffer aNl 6 ,000 tjl'J? -� + J..n J.. -.·-:-quired for half maximal act ivity determin<-1 



Table 5 . 3 .4a 

Relation of intracellular metabolite concentrations to the LDH kinetic parameters 

Intracellular concentrations of metabolites determined 
from an exponential� growing S .  lactis culture . 
(Values from Table 5 . 3 . 3 )  

! ' ' ·· ---,. ----
FDP ATP ADP 

(mM) 
�ruvate 

mM) 

The variation of metabolite concentration is shown as 
determined from the first five sample s . 

Respective kinetic parameters for �· lactis LDH. 
(Values from Section 2 .4) 
The standard assay conditions : 90 mM buffer pH 6 . 9 ,  
0 .1 67 mM NADH, 1 0 mM pyruvate and 1 mM FDP. 
A .  Standard assay - phosphate buffer 
B. Standard assay - tris/maleate buffer 
C .  Standard a ssay - triethanolamine/HCl buffer 
D .  Standard a ssay - phosphate buffer except 

6 . 67 nM FDP. 

(� 
1 2 . 7  

to 
1 4 . 9 

(mM} 
1 1 . 7  

to 
20.8 

JS: ATP 

(nM) 

2 .4B 

7 . 6  
to 
7·9 

JS: ADP 

(mM) 

2 .4B 

1 . 9 
to 
3 .4 

1)r Pyruvate 

(mM) 

1 .25B 

1 . 25c 

s .f 

� � 
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in triethanolamine/HCl 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 � pyruvate concentration 
is not much different from the KM values for pyruvate . Since inhibi·�ion 
of �· lactis LDH ( in vitr�) 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 � 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 � vitro assay conditions . It is 
possible that the high in vivo FDP concentration may overcome 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 . 

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 � !ii££ 
assay data . The enzyme assayed in the presence of 1 m11 phosphate , has 
the highest FDP 0 . 5V requirement (0 .93 ��) which may be compared to 
in � FDP concentrations of  1 2 . 7  to 1 4 . 9  mM. The high in � FDP 
concentration may be due to the presence of a high in !l!£ 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 . 51 
0 . 7  mM) are quite likely to prevail � �· A concentration of  
phosphate sufficiently high to  affect LDH activity (Phosphate  b:5r = 
50 mM) would completely inhibit pyruvate kinase activity. 

their 
value 

The KM value for ADP and the PEP 0 . 5V values are lower than 
respective intracellular concentrations except for the PEP 0 •5V 
estimate d  in the presence of 1 mM phosphate and 1 mM FDP, which 

is 2 . 5 times higher than the i£ � concentration . The potential 
influence of phosphate in effecting pyruvate kinase activity is again 
apparent . 



Table 5 .3 .4b 
Relation of intracellular metabolite concentrations to the pyruvate kinase kinetic parameters 

Intracellular c oncentrations of metabolites determined 
from an exponentially growing �· lactis culture . 
(Values from Table 5 .3 .3 ) 
The variation of metabolite concentration is shovm as 
determined from the f irst five sample s ,  except the 
Mn++ concentration . 

Respective kinetic parameters for �·  lactis pyruvate 
kinase . (Values from Section 3 .4) 
The standard assay conditions : 1 3 .3 mM KCl , 3 .3 mM 
MgCl2 , 80 mM triethanolamine/HCl buffer pH 7 .5 , 
3 .3 mM ADP, 1 . 0  mM FDP and 1 . 0  mM PEP.  
A.  Standard assay 
B .  Standard assay except 1 IT� Phosphate present 

++ . ++ C .  Standard assay except Mg 1s replaced by �m 

D .  Standard assay except pH 6 . 2  

E . Standard assay except pH 8 . 75 
+ 8 ++ F .  Standard assay except 80 mM K , mM Mg 

G. Standard assay except no FDP present 

Mn++ 
rr;Mj 
0 . 25 

to 
0 .5 

- ---

++ Mn 0 .5V 
(oM) 
1 .� 

4.7G 

1 FDP 
-r;M) 

1 2 . 7  
to 

1 4. 9 

FDP 0 .,2V 
(mM) 
0. 1  tf 
0 .93B 

o .o2c 
0. 1 8D 

0 .45E 

I ATP 
(� 
1 1 .7 

to 
20.8 

ATP 0 .21 
(mM) 
2 . -J-

5 .5F 

1 ADP PEP 
(� (;;M} 
7 . 6  1 . 7 
to  to  
7 -9  2 . 3 

� ADP PE��fV (mM) 
1 .1 0. 1 1 

5 .0B 

o .o3c 
0 .40D 

0 .1 3E 

!3? 
\.),( 

. 
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The 1£ � ATP concentration is higher than the ATP O .SI value 
and may imply that ATP, a s  well as phosphate ,  may be partially inhibiting 
the pyruvate kina se . �ven unuer conditions of very high carbohydrate 
availability ( as was the case in the present study) some control of 
pyruvate kinase activity is e ssential 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 activat ion of the pyruvate 
kinase as well as  the LDH. 

The 1£ � Mn++ concentration was determined in �· lactis at two 
different stages of growth ( se e  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) fron the culture that had been sub­
jected to alkaline pH stress . The bacterial mass  of the second saople 

was twice that of the first sample . It may be that all the medium Mn++ 
had be en transported into the bacterial cells by the tine the first sample 
was taken and the !�++ con�entrntion was subsequently diluted by cell 
growth. The Mn++ intracellular concentration ( 0 . 5 rrWl ) present in 
� ·  lactis is probably not sufficiently high to effect the pyruvate 

kinase activity in vitro very markedly ( see  Table 5 . 3 .4b ) .  The 
Mn++ 0 •5V value with saturating FDP present is  1 .3  mM Mn++ , twice the 
total l£ � level (the free Nm ++ in the p ot o 1 
lot lower) .  However with a I'vin++ supplement in the medium, tho in � 
concentration could easily b8 sufficiently high to affect � � 
functioning of pyruvate kina se since Mn++ increases the affinity for 
both PEP and FDP. The effect of added Mn++ on the � � concentra­
tions of glycolytic interoediates  would be of considerable interest to 
investigate . A Mn++ supplemented medium for �· faecalis may beneficially 

effect growth as  Mn++ appeared, from 1£ vitro evidence , to activate  the 
LDH . The 12 !1!£ concentration of pyruvate  in the S .  faecalis cells 
was high ( 24 to 26 mM) , suggesting that the LDH was not fully active . 
A high 1£ � concentration of Mn++ may activate the � ·  faecalis LDH 
with a subsequent drop in the pyruvate concentration. 



Se ction 6 

Summary of main conclusions and 

suggestions for further work . 
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The aim of the present study was to  investigate the kinetic 

properties of three e nzyme s of potential importance in the regulation of 

carbohydrate metabolism and to relate the se properties  to  the i£ � 
levels of substrate s  and effe ctors . Two enzyme s ,  lactate dehydrogenase 

and pyruvate kinase , were inve stigated in some detail; the third enzyme , 

6-phosphogluconate dehydrogenase , was subjected to a preliminary 

invest igation only. 

The £•  lactis 6-phosphogluconate dehydrogenase ( 6-PGDH) did not 

appear to be inhibited by FDP . This contrasts to the findings of Brown 

and Wittenberger ( 1 971 a )  who found that FDP inhibited the S .  fae calis 

enzyme . In the present study ,  the 6-PGDH from �. faecalis ( but a 

different strain from that used by Brown and Wittenberger ) was also 

studied and like the �·  lactis enzyme , no FDP inhibition could be demon-

strated . Because of the preliminary nature of this investigation, further 

work is required t o  resolve the conflict between the findings of the 

present study and those of Brown and Wittenberger (1 971 a ) and to e stablish 

what factors control the operation of the oxidative portion of the HMP 
pathway in £ ·  lactis . 

In the kinet ic studies on the S .  lactis LDH, FDP was shown to be 

an allosteric act ivator of the enzyme . An important finding from these 

studies on S .  lactis LDH wns, the very large influence which the choice 

of buffer component s has on the kinetic propertie s .  Althou8h phosphate 

buffer had the most striking effe ct on the � � properties ,  there were 

also differences betwe en the properties in tris/maleate and triethanolamine/ 

HCl buffers . Realization of this buffer effect is important not only in 

relating the ia vitro properties of the enzyme to 1£ � control but also 

in comparing the �· lactis c1 0 LDH with other streptococcal FOP-activated 

LDH' s .  The buffer e ffect raises the problem of deciding which in vitro 

propert ie s best represent the properties of the enzyme that are important 

in its .1!,! � control . The �. :faecalis ATCC 8043 LDH was studied briefly 

to compare it with the £·  lactis enzyme . The major finding was its 

relative insensitivity to phosphate inhibition and effect of Mn++ in 

activating the enzyme . 
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The kinetics of the � · lac t is c1 0 pyruvate kina se were more c om­

plex than tho s e  of LDH , for a s  well a s  requiring FDP as an activat o r ,  

pyruvat e  kina se also has a n  e s s ential re quirement for both a monova lent 

and divalent cat ion. Either IVln
++ 

or Mg++ could funct ion as the 

divalent cation but the propert ie s were quite different depending on 

which cation wa s u s e d .  1�en Mn++ wa s t he dival ent cation the enzyme 

wa s no longer o bligatarily dep endent on FDP for activity , although FDP 

st ill fun ct ioned as an activat o r . The affinity for PEP wa s higher with 

++ ++ Mn , compared to Mg • The S .  lact is pyruvate kinase a ct ivity , like 

LDH, was also affe ct ed by choice of the buffer component s .  In addit ion, 

it s activity wa s affect ed by a number o f  anions and cat ions that are o ften 

present in laboratory reagents . The mult itude of factors that aff e ct 

the pyruvat e kina se act ivity � vitro make s the extrapo lat ion to the � 
� s ituat ion diffi cult . 

The kinetic properties o f  the two enzyme s ,  LDH and pyruvat e  kina s e ,  

have been re lat ed t o  the appropriate iE � metabolite c oncentrat ions 

determined in exponentially growing cells o f � · la ctis c1 0� The main 

finding from the pre s ent inve st igat ion was that the 1£ � FDP concen­

tration is at a sufficiently high leve l to fully activate both pyruvat e  

kinase and LDH when c onsidered i n  relation t o  tho characterist ics of FDP 

dependence determined i£ � unde r a number of different a s say conditions . 

However for pyruvate kinase , the presence of re latively low intracellular 

phosphate leve ls (1 to 1 0  mM) may be suffic ient to increase the FDP 

requirement , such that the � � level of FDP could be bo low the limit 

required for activity . S ince the concentration o f  phosphate required to 

inhibit FDP activat ion o f  the LDH is much higher than that for pyruvate 

kina se it i s  unlikely that the pho sphate inhibition o f  LDH is o f  physio­

logical s ignificanc e . An i£ �  phosphate leve l that would suffic ient ly 

affe ct LDH would completely inhib it pyruvate kinase . It would clearly be 

useful to determine t he � � inorganic pho sphate concentration . 

Other metabolite s ,  apart from FDP (and p o s s ibly pho sphat e ) , may 

be playing a role in the ,E � c ontrol o f  the two e nzyme s . ATP has 

been shown to inhibit both LDH and pyruvat e  kina se ,i!! vitro a nd the 

re sp e ct ive KT and ATP 0•51 values for both enzymes are l e s s  than t he 

apparent i£ !1!£ ATP concentrat ion during exponent ial growth . This 

indicat es that it would be profitable to inve st igate in more detail the 

interaction of ATP and FDP in the regulation of the two e nzyme s in vitro . 

Mea surement of the NAD+/NADH ratio would also shed light on t he extent 

t o  which the LDH was fully activated i£ � ·  
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By studying carbohydrate control by these two complementary 

methods (1£ � metabolite measurement s and � !1i££ kinetic studie s ) 
a good understanding of the regulation of carbohydrate metabolism in 

� ·  lactis could be developed.  Possible in vitro artifacts such as the 

buffer effect will be more easily recognised when related to � � 
conditions . 

In the present study measurements of metabolite concentrations 

has been from samples taken from batch culture s in which there is a 

progressively changing medium, even in the exponential phase of growth . 

The use of continuous cultures would provide a steady-state culture of 

exponentially-growing cells and permit the growth rate  to be regulated 

and the effect of nutritional conditions , such as carbohydrate concen-

tration, to be determined .  The � � metabolite levels under limit ing 

carbohydrate concentrat ion 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 

� � FDP concentrat ion 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 react ions in the glycolytic pathway. Other aspects 

of carbohydrate metabolism of S .  lactis that need tc be investigated are : 

1 .  Earlier reactions in the EMP pathway; particularly phospho­

fructokinase and also possibly FOP-aldolase and glyceraldehyde-

3-phosphate dehydrogenase . 

2 .  The relative importance of the tagatose and Leloir pathways 

of lactose ana 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 . 



ADP 
AMP 
ATP 
bis 
CDP 
CM 
CaA 
CTP 
DEAE 
EDTA 
EMP 
FDP 
GDP 
G-6-P 
GTP 
HMP 
ITP 

IS: 
I<Ivr 
LDH 

M 0 . 5V 
2-lVIE 
NAD+ 
NADH 
NADP+ 
NADPH 

� 
OAA 

APPENDIX: ABBREVIATIONS 

adenosine 51 -dipho sphate 
1 adenos ine 5 -monophosphate 

adenos ine 51 -triphosphate 
N, N1 -methylenebisacrylamide 
cytidine 51 -diphosphate 
carboxymethyl 
coenzyme A 
cytidine 51 -triphosphate 
diethylaminoethyl 
ethylenediamine-tetra-acetate 
Embden-Meyerhof-Parnas 
fructo se-1 , 6-diphosphate 
guanosine 51 -diphosphate 
glucose-6-phosphate 
guano sine 51 -triphosphate 
hexose monophosphate 
inosine 51 -triphosphate 
inhibitor constant 
Michaelis-Menten c onstant 
lactate dehydrogenase 
concentration of modifier giving half maximum velocity 
2-mercaptoethanol 
nicotinamide adenine dinucleotide 
reduced nicotinamide adenine dinucleotide 
nicotinamide adenine dinucleotide phosphate 
reduced nicotinamide adenine dinucleotide phosphate 
Hill interaction coefficient 
oxaloacetic acid 

ONPG-6-P ortho-nitrophenyl�D-galactopyranoside-6-pho sphate 
Pi 
PCMP 
PEP 
6-PGDH 
-SH­
TEMED 
tris 
UDP 
UTP 
V 

V max 

inorganic phosphate 
para-chloromercuricbenzoate 
phosphoenolpyruvate 
6-phosphogluconate dehydrogena se 
sulphydryl group 
N, N ,N ,1 N1 -tetramethylenediamine 
tris (hydroxymethyl) aminomethane 
uridine 51 -diphosphate 
uridine 51 -triphosphate 
velocity 
maximum velocity. 
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Appendix 3.4 Pyruvate Kin.D.se 

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 preseated on this enzyme , these observations have been omitted 
from the main text of the pyruvate kinase section of the thesis . 
However ,  s ince 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 gyruvate 
kinase act iv�. 

In the standard assay system, 1 mM (tetrasodium) FDP was present . 
If 1 0  mM FDP ( tetrasodiwn) instead of 1 mM FDP was added to the standard 
assay system, then the activity dropped by 2Q%. As the tetra sodium 
salt of FDP was used in thG assays it was possible that at 1 0  mM FDP, the 
40 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 . 1 a and b show the effect of the two different salts 
of FDP (tetrasodium and tetracyclohexylammonium salt ) both at concen-
trations of 1 and 1 0  mM FDP, on the PEP saturation curve . The s tandard 
metal ion concentrations of 1 3 .3  mM KCl/3 . 3  mM MgCl2 were present in the 
assays of Figure A . 3 .4. 1 a and the higher metal ion concentrations of 
80 mM KCl/8 mM MgC12 were prosbnt in the a ssays of Figure A . 3 .4.1 b . 
The data obtained were also plotted as  double reciprocal and Hill plots 
but these are not shown. 

Figure A . 3 .4 .1 a ,  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 1 0  mM tetrasodium FDP and 
the respective PEP 0•5V value s are 0 .1 4  mM (1Jr = 1 .3 )  and 0 .2 mM 

(lJI = 1 . 1 ) .  The tetracyclohexylammonium FDP, at the two concentrations 
of 1 and 1 0  mM gives PEP saturation curves showing lower reaction 
velocities for all PEP concentrations than the same concentrations of 
tetrasodium FDP. The affinity for PEP is also less when the tetra­
cyclohexylammonium FDP is used  (PEP 0 .5V values at 1 mM FDP is 0 .45 m11 
(lJI = 1 .1 )  and at 1 0  mM FDP �s 0 .46 mM (1Jr = 1 .1 ) ). However, activity 
with the tetracyclohexylammonium FDP is slightly higher at 1 0  mM than 
1 mM FDP. 
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The relationship between the pyruvate k i nase activity (v) (units/cm3) of S. lactis C 1 0  and 
PEP concentration is shown in F igures a and b,  using two FOP salts each at two d ifferent 
concentrations. The tetrasod ium FOP salt was present at: ( • ) ,  10 mM; (e) , 1 mM. The 
tetracyclohexylammonium F OP salt was present at: ( 0 ) , 10 mM; ( o ) , 1 mM. The re­
action mixture contained ( i n  a total volume of 3 cm3) :  80 mM triethanolamine/HCI 
buffer pH 7 .5; 3.3 mM ADP: 0.1 cm3 of di luted enzyme and the PEP concentration 
varied as shown in the F igures, in the presence of 1 3.3 mM KCI/3.3 mM MgCI2 ( F igure 
a) and in the presence of 80 mM KCI/8 mM MgCI2 ( F igure b) . 
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When high concentrations of KCl and MgC12 are present in the 

assay system , a s  shown in Figure A . 3 .4 . 1 b ,  for the two tetrasodiurn 

concentrations the PEP saturating curve s are similar, pre sumably indicat­

ing that the high K+ has 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 tho form of PEP saturation curves at the two tetra­

cyclohexylammonium FDP concentrations , a s  activity at 1 0  mM FDP is 

significantly greater than · 1  mM FDP. At 1 0  mM tetracyclohexylammonium 

FDP, the activity at comparable PEP concentrations is only slightly less 

(1 5%) than at 1 and 1 0  mM tetrasodiurn FDP, whereas at the lower metal 

ion concentrations , activity, at a given PEP concentration of 1 0  mM 
tetracyclohexylammonium FDP, is  significantly less  ( greater than 5Q%) 

than with 1 and 1 0  mM tetrasodiurn FDP. At the high metal ion concen­

trat ions ,  with tetrasodium FDP, the PEP 0 •5V values are 0 . 1 4 rrilii ( at 

1 mM FDP) and 0 . 1 3  mM ( at 1 0  mM FDP) . With tetracyclohexylammonium FDP 

their respective PEP 0• 5V values are 0 .45 mM ( 1  mM FDP) and 0. 21 mM 
( 1 0  mM FDP) . 

The findings indicate that at high tetrasodium FDP concentrations 

and at low metal ion concentrations , the sodium ion concentration inhibits 

activity. Possibly more s ignificant , is  the finding that the cyclohexyl-

ammonium ion appears to inhibit the pyruvate kinase activity . High metal 

ion and FDP concentrations appear to eliminate this inhibition to a sig-

nificant extent . There; arc no reports in the literature of the cycle-

hexylammonium ion inhibiting any other pyruvate  kinase . 

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+ salts of PEP ,  ADP and FDP) did 

inhibition of pyruvate  kinase occur ( see  Section 3 .4.8 ) .  
A point o f  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 a nd Williams ,  1 973 ) .  These workers 

showed thqt inhibition of the stimulated reaction occurred with FDP 
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concentrations in excess o f  0.5 mM .  This inhibition effect was not 
investigated by Irving a nd Williams , but from the evidence obtained in 
the present study a possible rea son for inhib it ion c ould be that the 

cyc lohoxylammonium ion is inhibiting the act ivity of the e nzyme . 

Appendix 3.4.2  �ulpl}.a.t e  effe ct o n  the kinetic.....E.§lrarneters of 

the S .  lact i s  pyruvat e  kina se . 

As reported in earlier sections , if MgC12 is replaced by ��so4 
in the assay system, the inhibition o f  the enzyme by high c oncentrat ions 
of Mg

++ 
and ADP appeared t o  be enhanced. The sulphate effect on the 

kinetic parameters of pyruvate kina s e  from S .  lactis wa s further 

investigated using MgS04 as th0 divalent salt and varying the FDP, PEP 
and ADP concentrations in different combinations . The results of the 
kinetic studies ,  are similar to  those  re sults where MgC12 is the divalent 
cation salt , and so  are summarised in t able form to indicate the ma in 

differences in the kinetic properties between the chloride and sulphate 
salts of magnesium . 

A .  The e ffe ct of PEP and ADP on FDP act ivatio n .  

Tables A .3 .4 . 2a and b summarise the e ffect o f  PEP nnd ADP c onc en­

trat i on on FDP activation o f  the enzyme in the pre sence of Mgso4 • The 
values obtaine d in the presence of MgC12 ( see Section 3 .lJ-.4 ) are included 
in brackets . The ma in differences betwe en the two magnesium salts are 
that the homotropic interact ion of FDP with the enzyme is higher with the 
sulphate  salt (� = 3 . 3 , c omp�red to � = 1 . 9 to 2 .5 for MgC12 ) and the 
FDP 0 •5V values at tho ro5pe ctive PEP and ADP c oncentrat ions are higher 

with the sulphate salt . Tht: high homotropic int e ract i on of FDP with 
the enzyme when the sulphate salt is present , showed a !JI value of 3 .3 
for the three weeks that the studi e s  us ing Mgso4 were carried out . 

B .  The effect o f  FDP and ADP on PEP activation 

Tables A .3 .4 .2c  and d summarise the effect of FDP and ADP on PEP 
activation in the presence of Mgso4 • The values obtained in the 
pre s e nce of MgC12 ( see Section 3 .4.5 ) are included in brackets . In 
the standard assays ; tho ADP and FDP concentrations were no t t he same 
for t he two salts ( 6 . 67 mM ADP/3 .33 mM ADP and 2 mM ·FDP/1 mM FDP for 
sulphate/chloride ) .  However , this should not affect t he general trend 



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• 5V values are also higher with the sulphate salt . 

C .  The effect of FDP and PEP on ADP activation 
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Table s A .3 .4 . 2e and f summarise the effect of FDP and PEP on 

ADP activation in the presence of Ivlgso4 • The values obtained in the 

presence of MgC12 ( see Section 3 .4 . 6 )  are included in bracket s . In 

the standard assays the FDP concentration was not the sume for the two 

salts ( 2  mM FDP/1 mM FDP for sulphate/chloride ) but this should not 

affect the general 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 

magnesium . The difference in the ADP 0 . 5V values between use of sul­

phate and the chloride magnesium salt s  is more complex . In Table e ,  

with sulphate present decreasing the FDP concentrations results in a 

decre�se in the ADP 0 .5V values ,  whereas with chloride present the 

ADP 0•5v values increase . The ADP 0 . 5V values in Table e are higher in 

the presence of the cliloride salt rather than the sulphate  salt , unlike 

the trend found for the PEP 0•5V and FDP 0. 5V values .  In Table f ,  the 
ADP 0•5V values are unaffected by the PEP concentrations in the presence 
of the chloride salt in contrast to the ADP 0 • 5V values increasing as the 
PEP concentration decreases in the presence of sulphate . 

Sulphate , as studied by comparison of the kinetic data obtained 

from use of MgCl2 and Mgso4 , has been shown to give greuter potential 
to the enzyme for co-operative interaction with ADP, FDP and PEP to occur . 

The basic heterotropia relationships between ADP, PEP and FDP are not 
altered in the presence of sulphate . For both magnesium salt s ,  FDP 

has the greatest potential to show co-operative kinetics, with PEP showing 

co-operative binding to  the enzyme only at lower li'DP concentrations . ADP 

has the least potential to co-operatively bind to the enzyme . The sul­

phate anion increases the PEP 0.5V and FDP 0 •5V values and effects the 

ADP 0 • 5V values in a more complex manner . 



Tables A . 3 .4.2a 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 a s say conditions : 80 mM triethanolamine/HCl 

buffer pH 7 . 5 ;  1 3 . 33 mM KCl/3 .33 mM MgS04 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/ 

HCl buffer pH 7 -5 ;  1 3 .33 mM KCl/3 .33 mM Mgso4 and 1 . 0 mM PEP.  

The two parameters , Hill coefficient (�) and FDP 0 •5V ' obtained 

from Hill plots of data are tabulated below . The two parameters deter-

mined  with the chloride salt ( see Section 3 .4 .4 ) , 

similar assay conditions , are included in brackets . 

Table a .  

PEP (mM) � 

1 . o 3 . 3 ( 2 .5 )  
0 . 6  3 -4 ( 2 . 6 ) 
0 .4 3 - 7  ( 2 . 6 ) 
0 .25 3 . 7 ( 2 . 6 )  

Table b .  

ADP (mM) � 
6 . 67 3 . 2 ( 1 • 90 ) 
3 - 33 3 . 2  ( 1 

• 95 ) 
2 . 00 3 .1 
1 . 00 3 . 2 ( 1 • 90)  

0. 60 3 - 3  

under otherwise 

FDP 0 .5V (mM) 

0 .41+ ( 0.1 6 ) 
0.48 (0 . 1 8 ) 

0 . 64  ( 0 . 21 ) 

0 . 73 (0 .29 ) 

FDP 0 .5V (mM) 
0 .52 ( 0 .3 ) 

0 .45 (0. 1 6 )  

0 . 21 

0 . 26 (0 .08 ) 

0 .25 
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Tables A.3 .4 . 2c and d 

The effect of FDP and ADP on PEP a cti�on: Sulphate effect 

Table c .  The PEP concentration was varied at five different FDP con­

centrations at standard assay conditions : 80 mM triethanolamine/HCl 

buffer pH 7 .5 ;  1 3 . 33 mM KCl/3 . 33 mM Mgs o4 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/HCl 
buffer pH 7 . 5 ;  1 3 . 33 mM KCl/3 .33 mM MgS04 and 2 llli11,1 FDP. 

The two parameters , Hill coefficient (�) and PEP O. SV' obtained 

from Hill plots of data are tabulated below .  The two pE:.rameters deter­
mined with the chloride salt ( see Section 3 .4 . 5 )  under otherwise similar 

assay conditions ( except 3 . 33 mM ADP and 1 mM FDP present ) are included 
in brackets .  

FDP (mM) 

1 o . o  
1 .0 

0 . 6  

0 .4 

0 . 25 

.ADP (mM) 

6 . 67 

3 - 33 
1 . 33 (1 . oo )  
0 . 60 

0 . 30 

Table c .  

� 
'1 .4 
2 . 8 (1 .37)  

3 . 2 ( 1 .4  7 )  

3 . 2 ( 1 • 70) 

3 .4 (1 . 92 ) 

Table d .  

� 
1 .8 ( 1 .4 ) 

1 .8 ( 1 .4 ) 

1 . 9 ( 1 .4 )  

1 . 6  

1 • 7 ( 1 .4) 

PEP 0 . 5V (mM) 

0 . 2 

0 . 5 ( 0 . 1 1 ) 

o . s ( 0 .1 6 )  

1 .3 (0 .28 ) 
2 . 3 (0. 38 ) 

PEP o. 5V (mM) 
0 .30 ( 0 .21 ) 

0 .1 7  ( 0.1 4 )  

0 .1 4  (0 . 1 1 ) 

0 .20 
0. 24 ( 0 . 1 1 ) 
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Table A . ) .4 . 2e and f 

The effect of FDP and PEP on ADP activatiog: Sulphate effect 

Table e .  The ADP concentration was varied at three different FDP con­

c entrations at standard a ssay condit ions : 80 mM triethanolamine/HCl 

buffer pH 7 . 5 ;  1 3 . 33 mM KCl/3 . 33 mM MgS04- and 1 mM PEP. 

Table .. f .  The ADP concentration was varied at four different PEP con­

c entrations at standard assay conditions :  80 mM triethanolrunine/HCl 

buffer pH 7 . 5 ;  1 3 .33 �� KCl/3 . 33 mM MgS04- and 2 mM FDP. 

The two parameters , Hill coefficient (�) and ADP 0 •5V' obtained 
from Hill plots of data are tabulated below. The two parameters deter­

mined with the chloride salt ( see Section 3 .4 . 6 )  under othe�vise similar 
assay conditions ( except 1 mM FDP present)  are included in brackets .  

FDP (mM) 

2 . 0 ( 1 . 0) 
0 . 6 (0 . 25 )  
0 . 2  ( 0 .1 ) 

PEP (mM) 

i .O 
0 . 6  

0 .4 
0 . 25 

Table 

� 
1 . 25 

1 .52 
3 .1 5  

Table 

l}r 
1 . 25 

1 . 02 

1 . 07 

1 . 05 

e .  

( 1 .o) 
( 1 .o) 
( 1 .5 ) 

f .  

( 1 . o) 

( 1 .o) 
( 1 .o) 

ADP 0 . 5V (mM) 
0 . 95 (1  .3 ) 

0 .48 ( 2 . 0) 

0 .45 ( 2  .1 ) 

ADP 0 . 5V (mM) 

1 . 0 (1 . 2 )  

1 . 8  

2 .4 (1  . 2 )  

3 . 0  ( 1  . 2 )  
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