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ii . 

ABSTRACT 

Pyruvate kinase catalyses the main irreversibl e reaction of glycol ysis 

in Propionbacterium shermanii since the ATP-dependent phosphofructokinase 

is l argel y repl aced by a pyrophosphate-dependent phosphofructokinase 

catalysing a reversibl e reaction . Measurement of activity of several 

glycolytic enzymes in gl ucose- ,  gl ycerol - and l actate-grown cel ls  showed 

that pyruvate kinase activity is much higher than that of pyruvate , 

orthophosphate dikinase which catalyses the reversible interconversion 

of PEP and pyruvate . 

This poses probl ems in cel l s  grown on l actate where gl uconeogenesis 

must operate to supply hexoses and pentoses for biosynthesis . The 

regul atory properties of this enzyme were accordingly studied . 

The partial ly purified ( 140-fol d )  pyruvate kinase displ ayed sigmoidal 

kinetics for both of its substrates , phosphoenol pyruvate { PEP)  and ADP . 

At pH 7 . 5  the interaction coefficient ( nH ) for PEP saturation in the 

absence of effectors was in the range 1 . 9-2 .5  \'thil e  for ADP saturation it 

was 1 . 7-2 . 1 .  The pyruvate kinase was shown to be activated by gl ucose 

6-phosphate (G6�at non-saturating ( 0 . 5  mM) PEP concentrations but other 

glycolytic and hexose monophosphate pathway intermediates and AMP were 

without effect.  Hal f-maximal activation was obtained at 1 mM G6P . The 

presence of G6P decreased both the PEPo . 5v and ADPo . sv val ues and the 

Hil l  interaction coefficient for each substrate . The enzyme was strongly 

inhibited by ATP and inorganic phosphate ( Pi ) at a l l  PEP concentrations . 

At non-saturating ( 0 . 5  mM) PEP hal f-maximal inhibition was obtained at 

1 . 8 mM ATP and 1 • 4 mM Pi . The inhibition of both Pi and ATP cou ld  be 

l argely overcome by G6P .  The G6P activation and other regul atory 

properties of the enzyme were pH dependent . 



i i i .  

On the bas i s  of th i s  i n  v i tro study i t  was suggested that the 

acti vi ty of pyruvate k inase i n  v i vo i s  determi ned by the bal ance 

between activators and i nh i bi tors such that i t  i s  i nh i bi ted by ATP 

and Pi during gl uconeogenes i s  whi l e ,  duri ng gl ycolysi s ,  the i nh i bi tion 

i s  rel i eved by G6P .  Such a mechani sm requi res that the G6P concentration 

shoul d be sufficientl y high when cul tures are grown on gl ucose or glycerol 

but not on l actate . 

To veri fy thi s proposed mechani sm the i n  vi vo concentrati ons of  

a number of sel ected g lycolyti c i ntermedi ates were measured in  P . sherman i i  

growi ng under a range of nutri ti onal condi ti ons usi ng batch and 

conti nuous cul tures .  The pyruvate ki nase acti vator , G6P ,  was mai ntai ned 

at l evel s of 1-2 mM i n  l actate-grown cel l s  but , when growi ng i n  the 

presence of h i gh l evel s of  g l ucose or glycerol , G6P was present at l evel s 

between 5 and 16 mM i n  the cel l .  

F6P and FBP were a lways present at l evel s bel ow 1.0 mM and 0.2 mM 

respecti vely i n  l actate- and gl ucose-grown ce l l s  but attai ned s i gni fi cantly 

h igher l evel s on gl ycerol -grown cel l s . At hi gh concentrations of  

gl ucose where h i gh G6P l evel s were found , F6P was present at concentrati ons 

much l ower than woul d be expected from the equi l i br i um constant of the 

phosphogl ucoi somerase ; thi s was not the case when h i gh G6P l evel s were 

attained by growth on glycero l . The reason for thi s i s  not known . 

level s of  the i nh i b i tor of pyruvate k i nase acti v ity ,  ATP , were mai ntai ned 

i n  the range 1-2 nf.t under al l the condi ti ons studi ed.. At the in vi vo 

l evel s of the substrates PEP and ADP thi s  l evel of ATP woul d not by i tsel f 

mai nta i n  pyruvate k i nase i n  an i nacti ve state i n  the presence of  the 

1 -2 mM G6P shown to be present i n  l actate-grown cel l s .  The other inhi bi tor, 

Pi , must  al so be important but the _!n vi vo l evel s of thi s  effector were 

not determi ned .  



iv.  

A reinvestigation of the pyruvate kinase at the in vivo level s of  

substrates ( PEP and ADP ) and  effectors (G6P and ATP) found in  the ce l l  

indicated that .  at  l evel s above 10  mM Pi• concentrations of 5-15 mM G6P 

( as found in cel ls  growing on gl ucose and glycerol ) were required to 

activate the enzyme whil e concentrations of 1-2 mM G6P ( as found in 

l actate-grown cel ls ) were not ab l e  to overcome the inhibition by ATP and Pi • 

A concentration of  10  mM P ; in the cel l  does not seem unreasonabl e and 

at this concentration the proposed mechanism for control of the pyruvate 

kinase �vivo woul d be abl e to operate . 

During this investigation data were also col l ected on growth yiel ds 

and carbon bal ances in both batch and continuous cul tures during growth 

on the three substrates l a ctate . gl ucose and gl ycerol . 

Succinate was found to account for up to 26% of the products in 

gl ucose cul tures but was only present at negligibl e l evels in l actate 

cul tures. Accumul ation of succinate in the gl ucose cul tures was 

highest in the l ater stages of growth of  batch cul tures and in carbon

limited continuous cul tures when the G6P l evel was l ow. This suggests 

that regul ation of pyruvate kinase by G6P may a lso serve to determine 

the rel ative fl ux via the PEP : carboxytransphosphoryl ase and pyruvate 

kinase enzymes - the carboxytransphosphoryl ase functioning to provide 

PP; for the PP; -dependent phosphofructokinase in glycolysis . 

I t  is a lso proposed that G6P may be invol ved in partitioning g l ucose 

metabolism via g lycolysis and the hexose monophosphate pathway - high 

internal G6P concentrations favouring fl ow through the hexose monophosphate 

pathway and thus bypassing the PP; -dependent phosphofructokinase - however . 

this is highly specul ative . 
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Chapter 1 

GENERAL INTRODUCTION 



1 . 1 REGULATION OF CARBOHYDRATE METABOL I SM I N  BACTERI A  

1 .  

Bacteri a empl oy a number o f  di fferent metabol i c  pathways for the 

breakdown of carbohydrates to the common i ntermedi ate pyruvate , 

from whi ch further catabol i c  or  syntheti c  reacti ons proceed ( Doel l e ,  

1969 ; Gottschal k ,  1978) . I n  addi ti on to the Embden - Meyerhof 

Parnas ( Ef1P ) pathway whi ch i s  the major pathway i n  many bacteri a ,  the 

hexose monophosphate ( HMP) pathway or pentose phosphate pathway i s  

al so commonl y found . Other pathways of more restri cted di stri buti on 

are the phosphoketol ase pathway of heterol act i c  l acti c aci d bacteri a 

and bi fi dobacteri a and the Entner - Doudoroff { EO)  pathway i n  pseudomonads . 

I n  many bacteri a the degradati on of gl ucose may i nvol ve a combi nation 

of two or more of  these pathways . Catabol i sm of sugars other than 

gl ucose may i nvol ve other pathways s uch as the tagatose pathway for 

gal actose catabol i sm i n  staphyl ococci and streptococci ( B i ssett and 

Anderson , 1974) . 

These pathways frequently serve a dual rol e ,  functi oni ng both as 

catabol i c  pathways for ATP producti on and a s  sources of  precursors such 

a s  pentose phosphates or glycerol  3-phosphate for bi osynthes i s  of cel l  

consti tuents . 

Bacteri a  growi ng on 3- and 4-carbon compounds ( gl ycerol , pyruvate , 

l actate , s ucci nate , mal ate etc . ) must be abl e to use these compounds 

not only as an energy source but as carbon sources for carbohydrate synthes i s . 

Carbohydrate synthes i s  from s i mpl e organi c  compounds { gl uconeogenes i s )  

necess i tates reacti ons to bypass the i rrevers i b l e  s teps of  glycolys i s  

{ phosphofructoki nase and pyruvate ki nase ) . Thus , for exampl e ,  i n  E . col i 

PEP : carboxyki nase and NADP-speci fi c  mal i c  enzyme , duri ng growth on 
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4-carbon compounds , and PEP : synthetase , duri ng growth on 3-carbon 

compounds , are abl e to bypas s  the i rrevers i b l e  pyruvate ki nase reacti on . 

I n  other bacteri a synthes i s  of PEP from pyruvate may be accompl i s hed vi a 

the enzymes pyruvate carboxyl ase and PEP : carboxyki nase whi ch convert 

pyruvate to PEP vi a the i ntermediate OAA. I n  organ i sms uti l i s i ng the ful l 

g lycolyti c pathway the phosphofructoki nase reaction i s  bypassed duri ng 

gl uconeogenes i s  by the enzyme fructose bi sphosphatase . Other react i ons 

of the glycolyti c pathway are revers i bl e  and are used for ei ther 

glycolys i s  or gl uconeogenesi s dependi ng on the growth subs trate . 

The fact that the pathways of carbohydrate metabol i sm i n  bacteri a 

ful fi l both anabol i c  and catabol i c  functions ( i . e .  they are what 

Sanwal ( 1970 ) refers to as amph i bol i c  pathways ) requi res the exi stence 

of control  mechani sms to regul ate the fl ow of metabol i tes i nto e i ther 

the biosyntheti c or energy-generati ng pathways . Regu l ati on of these 

pathways can be ei ther by control  of enzyme synthes i s  or degradation 

in the cel l or by control  of  enzyme acti vi ty .  Bacteri a have evol ved 

a wi de range of mechani sms for the control of the acti vi ty of enzymes 

at key poi nts i n  the metabol i c  pathways . Both end-product i nhi bi tion 

and precursor or ' feed-forward ' act i vati on mechani sms are wi despread 

i n  bacteri a .  The parti cul ar types of control mechani sms found are 

usual ly  rel ated to the speci fi c metabol i c  pathways operati ng i n  any 

parti cul ar organi sm. 

Amph i bol i c  pathways are i nvol ved i n  both the generati on of energy 

(ATP ) and i ts uti l i sation vi a the bi osyntheti c  channel s and are thus 

found to be sens i ti ve to regu l ati on by a number of the common i ntermedi ates 

of energy metabol i sm e . g .  AMP , ADP , ATP , PP; and P; . Chapman and 

Atki nson ( 1977 )  cons ider that the i nfl uence of the energy s tatus of the 
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cel l in the regul ation of metabol i sm i s  medi ated by way of the 

'energy charge ' whi ch they defi ne as the fo l l owi ng rati o of adeni ne 

nucl eoti de concentrati ons : (ATP + �DP ) / ( ATP + ADP + AMP ).  Thus 

enzymes that parti ci pate in ATP-generati ng sequences are i nh i bi ted by 

i ncreas i ng val ues of the energy charge whi l e  those that parti ci pate i n  

ATP-uti l i s i ng sequences show the reverse response. 

Reduced coenzymes are al so frequently uti l i sed as control s i gnal s 

for the regul ati on of d i verg i ng or convergi ng pathways ( Sanwal , 1970 ) . 

The NADH l eve l may serve as an i ndi cator of the rate o f  glycolys i s  i n  

enteri c  bacteri a and has been found to i nhi bi t reacti ons whi ch function 

in the oppos i te di recti on to g lycolysi s  such as those of  gl uconeogenes i s. 

The HMP pathway i s  general ly  cons i dered to be regul a ted by the 

avai l abi l i ty of oxi di sed NADP and i n  E.co l i i t  has been found that 

NADH may control the NADPH generati ng pathways of the cel l ( Sanwal , 1970 ) . 

Enzymes s i tuated at key pos i ti ons i n  metabol i c  pathways , s uch 

as at a branchpo i n t ,  are i deal ly  s i ted to control the fl ow of metabol i tes 

through those pathways. Such enzymes are frequently found to di spl ay 

non-Mi chael i s -Menten ki neti cs and are suscepti bl e to a l l osteri c control 

by thei r substrates , products or other effectors. 

1 . 1 . 1  Rol e of Pyruvate Ki nase i n  Regul ati ng Carbohydrate Metabol i sm 

i n  Bacteri a 

As mentioned earl ier,  pyruvate i s  a common i ntermedi ate i n  the 

metabol i sm of carbohydrates i n  most  bacteri a. The fi nal  reaction i n  

the pathway by wh i ch pyruvate i s  formed from g l ucose i s  catalysed by 

the enzyme pyruvate k i nase ( I ) 

M ++ K+ 
PEP + ADP 9 ' � Pyruvate + ATP ( I ) 
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Both the substrate , PEP , and product , pyruvate , of thi s reacti on 

are s ubs trates for a number of other reacti ons i n  bacteri a and 

consequently the pyruvate k i nase has been found to d i s pl ay cooperati ve 

saturat ion curves for PEP and ADP and to be subject to a wi de range 

of al l osteri c control s dependi ng on the parti cul ar metabol i c  pathways 

of the organ i sm.  

The major emphas i s  of th i s  thes i s  i s  on the rol e  of  pyruvate k i nase 

i n  control l i ng the pathways  of glycolysi s and gl uconeogenes i s  i n  

Propi on i bacteri um s herman i i .  The rol e  of thi s  enzyme i n  regu l ati ng the 

pathways of carbohydrate metabol i sm i n  a number of other bacteri a ,  where 

i t  has been wel l stud i ed ,  wi l l  be deal t wi th i n  thi s secti on . 

Escher i chi a col i 

The major pathway of gl ucose catabol i sm i n  E . col i i s  the EMP pathway , 

al though an acti ve HMP pathway i s  al so present . Phos phofructokinase has 

beeri establ i shed as  the rate- l i mi ti ng enzyme of glycolys i s  ( Scrutton 

and Utter,  1968) and i s  control l ed i n  E . co l i both through responses to 

the energy-charge and by end-product i nh ib i tion  by PEP ( Sanwal , 1970 ) . 

The reverse reacti on i n  gl uconeogenes i s ,  from FBP to F6P , i s  catal ysed 

by fructose bisphosphatase . The phosphofructoki nase and fructose 

b i sphosphatase are subject to reci procal al l os teri c modul ation by changes 

i n  the energy charge such that phosphofructoki nase i s  i nh i bi ted by h i gh 

val ues ( i . e .  h i gh ATP )  whi l e  fructose b i sphosphatase shows the reverse 

response ( be i ng i nh i bi ted by AMP )  and thus energy was teful 'fut i l e  

cycl i n g '  i s  prevented ( Sanwal , 1970) . 

The second major poi nt of control of  glycolysi s i n  E . co l i i s  a t  

pyruvate k i nase where two forms of the enzyme have been i denti fi ed 

( Mal covati and Kornberg , 1969 ) . From the ir  mol ecul ar we i ghts , chemi cal 
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and al l oster i c  properties  i t  was concl uded that  the two pyruvate 

ki nases were di sti nct non- interconverti bl e enzymes wh i ch have been 

l abel l ed type I and type I I  pyruvate k i nase . The two forms appear 

to co-ex i s t ,  a lthough i n  di fferent proporti ons , under most phys iol ogi cal 

condi tions and consequently the total pyruvate k i nase acti vi ty of the 

cel l  resu l ts from the contri buti on of both forms of the enzyme 

{Waygood and Sanwal , 1974; Haygood et�. 1975 ; Val enti n i  et!]_ , 1979 ) . 

Ki neti c properti es of the two enzymes di ffer ,  al though both show 

cooperati ve saturati on curves for the substrate PEP .  The type I enzyme 

i s  al l oster i cal ly  act i vated by FBP (wh i ch abol i s hes the cooperati v i ty 

of the PEP saturati on ) and inh i b i ted by succ i nyl CoA and GTP .  GDP 

i s  a better phosphate acceptor than ADP for the type I pyruvate k i nase 

i n  vi tro and the i nh ib i tion by GTP i s  s trongest when GDP i s  the 

nucl eoti de phosphate acceptor rather than ADP . These facts suggest 

that GDP may funct ion as  the phosphate acceptor i n  vi vo ( \4aygood and 

Sanwa l , 1974 ; Waygood et!]_ , 1976 ) . 

The type I I  pyruvate k i nase i s  acti vated by a number of  nucl eoti de 

monophospha tes ( AMP , GMP etc . )  and s ugar monophosphates { r i bose 5-P ,  

r i bul ose 5-P , G6P etc . ) ,  but not  FBP . Ri bose 5-P i s  the most  potent 

act i vator  and abol i shes the cooperati v i ty of the PEP and ADP saturat ion 

curve s .  ATP , s ucc i nyl CoA and Pi are al l powerful i nh i bi tors of the 

type I I  enzyme . Succi nyl CoA i nh ib i ti on i s  competi ti ve wi th respect to 

both substra tes , ADP and PEP . P; i nh i bi t ion  can be compl etely overcome 

by ri bose 5-P and thus Pi must  bi nd at  a s i te 'di sti nct from the substrate 

bi ndi ng s i te .  ATP i nh i b i ti on can only b e  part i a l l y  overcome by r i bose 5-P 

and apparently functions both as  a product and as  an al l os teri c i nh i b i tor 

{Waygood et !]_, 1975 ; Somani et  !]_, 1977 ) . 
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Kotl arz et !l ( 1975 ) found a corre l ati on between the condi tions 

favouri ng derepres si on of a parti cul ar i soenzyme of  pyruvate ki nase i n  

E . co l i and the nature of the al l osteri c s i gnal wh i ch regul ates  i ts 

enzymi c acti vi ty. Thus the b i osynthes i s  of the type I enzyme , whi ch 

i s  acti vated by a speci fi c metabo l i te of the glycolyti c pathway ( FBP ) , 

i s  s trongl y dependent on the nature of  the carbon source ( be ing  

i nduced by growth on gl ucose ) . On the other hand the amount of the 

type II enzyme , whi ch i s  regul ated by AMP , depends on whether growth 

occurs under aerob i c  or anaerobi c condi ti ons ( bei ng favoured by anaerobiosi s ) .  

Waygood et !L ( 1975 ) s uggest that as  the type I I  enzyme i s  acti vated by 

r i bose 5 -P and phosphoryl ated i n termedi ates of the HMP pathway i t  i s  

l i kely to functi on under aerobi c condi ti ons . However Somani et !L ( 1977 )  

fel t that  wh i le the phys io l ogi cal s i gn i fi cance of  the s trong activati on 

by i ntermedi ates of the HMP pathway cou l d  be accepted for growth i n  

aerobi c  condi tions i t  appeared un l i ke ly to be important i n  anaerobi c  

condi ti ons when the type 11 enzyme i s  max imal ly  derepressed . Under 

s uch condi ti ons they suggest that the regul ati on of the type II pyruvate 

k i nase by AMP woul d be of greater s i gni fi cance , as  s ugges ted by 

Kotl arz et !L ( 1975) • 

In E . col i PEP may be converted e i ther to pyruvate v i a  the pyruvate 

ki nase or  to OAA v ia  a PEP carboxyl ase ( Kornberg , 1970 ) . Both of these 

enzymes are subject to precursor acti vation by FBP but whi l e  the 

pyruvate k i nase i s  i nh i bi ted by GTP the PEP carboxyl ase i s  acti vated by 

i t . Waygood and Sanwal { 1974) sugges t thi s modul ati on ,  by GTP , of the 

two enzymes may be a mechani sm whi ch regul ates the d i stribution of PEP 

i nto d i fferent channel s accord ing  to the energy state of the cel l . 

Streptococcus l acti s 

The homofermentative l acti c ac i d  bacteri a al so convert gl ucose to 
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pyruvate by the g lycolyti c pathway. The pyruvate i s  then reduced to 

l actate al though under certai n  ci rcumstances o ther products are 

formed ( e . g .  ethanol , acetate and formate ) .  

Whi l e  the enzymes G6P dehydrogenase and phosphogl uconate 

dehydrogenase are present i n  S . l acti s the HMP pathway i s  not compl ete 

and possi b ly  serves ma i n ly for the generation of NADPH and ri bose 5-P .  

Other features of  these bacteri a are the i r  apparent i nabi l i ty to  carry 

out gl uconeogenesi s and oxi dat i ve phosphoryl ation and the i r  l ack of  

a tri carboxyl i c  aci d  cyc l e .  They thus rely  a lmost sol e ly  on g lycolys i s  

for thei r ATP product i on .  Consequently the mechan i sms for regul ati on of 

g lycolys i s  in l acti c streptococci woul d be expected to di ffer from 

tho se i n  bacteri a such as E . col i ( Lawrence et  !l• 1976 ) .  

The g lycolyti c pathway i n  S . l acti s appears to be regul ated mai nly  

by ' feed-forward ' acti vation of the enzymes catalys ing the tenmi na l steps , 

pyruvate k inase and l actate dehydrogenase { Col l i ns  and Thomas , 1974; 

Crow, 1975; Crow and Pri tchard , 1976 , 1977; Thompson and Thomas , 1977; 

Thomas et !1, 1979) ,  Pyruvate k i nase d i sp lays s i gmo i dal  k i neti cs for 

both of the substrates PEP  and ADP ,  i s  i nh i b i ted by ATP and Pi , and 

i s  acti vated by FBP and a l arge n umber of other sugar phosphate s  

( Thomas , 1976) . �vi vo data on the l evel s of the activators and substrate 

( PEP)  of  the pyruvate k i nase i n  growi ng and s tarved cel l s  of  S . l acti s 

have  confirmed i ts key rol e  i n  the regul ation o f  glycolys i s .  Thus duri ng 

growth cel l ul ar FBP l evel s are very h i gh ( about 20 mM) and they are 

rapid ly  depl eted duri ng s tarvati on whi l e  opposi te changes are observed 

i n  the l evel s  of PEP ( Thompson and Thomas , 1977 ) . FBP l evel s are 

cons iderably  h i gher than al l o ther g lycol yti c i n tenmedi ates i n  cel l s  

metabol i si ng gl ucose a l though i t  has  not yet been establ i s hed as  the only  
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phys io l ogi cal ly  i mportant acti vator  of thi s pyruvate k i nase .  The data 

suggest that the i ntracel l ul ar PEP l evel is control l ed by the l evel of 

one or a number of the acti vators of  the pyruvate ki nase thus prov i d i ng 

a coupl i ng between the transport of  a sugar i nto the cel l v i a  the 

PEP-phosphotransferase system and i ts subsequent metabo l i sm. 

FBP i s  a l so an i mportant act i vator of l actate dehydrogenase i n  

S . l acti s .  Th i s  acti vator may be i nvol ved i n  control l i ng the fl ow of 

metabol i tes i nto e i ther homol acti c ( vi a  the l actate dehydrogenase) 

or heterol acti c ( v i a  al ternati ve route s  for pyruvate metabol i sm) 
\ 

fermentati on ( Thomas et !L. 1979 ) . 

Pseudomonas ci tronel l ol i s  

P . ci tronel l ol i s  has been shown to metabol i se gl ucose ma i nly  vi a 

the EO pathway wi th the HMP pathway only pl ayi ng a mi nor rol e ,  wh i l e  

the key enzymes o f  g lycolys i s ,  pho sphofructoki nase and FBP al dol ase ,  

are absent . Th i s  organ ism,  l i ke S . l acti s ,  has only one pyruvate k i nase 

and it  has  been cl early demon strated to be  a regu l atory enzyme s howi ng 

strong pos i ti ve cooperati vi ty wi th  res pect to the s ubstrate PEP and be i ng 

subject to a l l os teri c modul ati on of acti vi ty (Chuang and Utter , 1979 ) . 

There appear to be two acti vat ion s i tes  on the enzyme , one for 

2-keto-3-deoxy-6-phosphogl uconate ( KOPG) and another for a number of  

compounds i ncl ud i n g  ri bose 5-P , AMP and  F6P .  A s trong synergi sm exi s ts 

between the two s i tes . The acti vators abol i s h  the cooperati v i ty o f  the 

PEP s aturati on curve and i ncrease the affi ni ty of the enzyme for PEP.  

Both GTP and ATP i nh i b i t the enzyme by l owering  i ts affi n i ty for PEP . 

However thi s i nh i b i ti on can be l a rgel y overcome by KOPG.  

Si nce KOPG i s  an i ntermediate of  the EO pathway i ts stimul ation of  

the pyruvate ki nase may pl ay a ' feed-forward ' role  in  the regul ation of  
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th i s  pathway i n  vi vo i n  a manner anal ogous to the rol e o f  FBP i n  

the g lycolyti c pathway i n  E . co l i .  The physi ol og i cal s i gni fi cance o f  

ri bose 5-P acti vati on however ,  i s  l es s  apparent. I t  may function 

i n  v i vo a s  a synergi s ti c  s t imul ator of the KDPG activation or i t  may 

be i mportant duri ng growth on gl uconeogeni c substrates . However the 

mechan i sm of synthesi s of ri bose 5-P from gl uconeogeni c precursors i s  

not cl ear i n  P . ci tronel l ol i s  and the measurement of ri bose 5-P concen

trat ion i n  the cel l i s  requi red to as sess i ts rol e i n  v i vo .  

ATP and GTP i nh i b i t  the G6P dehydrogenase o f  P . aerugi nosa  ( Less i e  

and Nei dhardt , 1967 ) . Thi s suggests that n ucl eot i de tri phosphates 

coul d exerc i s e  concerted contro l  of the Pseudomonas pyruvate k i nase 

both by d i rectl y i nh i b i ti ng i ts acti v i ty and by i nh i bi t i ng  the acti vi ty 

of the G6P dehydrogenase and thus l oweri ng the l evel o f  i ts acti vator 

KDPG ( Chuang and Utter , 1979 ) . 

Other Bacteri a 

Al cal igenes eutrophus H 16 is abl e  to metabol i se fructose vi a 

the EO pathway , the enzymes of glycol ys i s  be ing  used only for · 
gl uconeogenes i s duri ng  growth on 2- ,  3- and 4-carbon carboxyl i c  aci ds . 

I n  thi s bacteri um the pyruvate k i nase d i spl ays cooperat i ve ki ne ti cs wi th 

the substrate PEP and i s  al l osteri cal ly  regul ated by P i ( i nhi bi tor) and 

AMP , r i bose 5 -P and G6P ( acti vators ) wh i l e ATP i nh i bi ts competi ti vely wi th 

PEP (Wi l ke and Sch l ege l , 1975 ) .  

These authors s uggest that the acti vati on of the_,pyruvate k i nase 

by ri bose 5 -P and G6P provi des a pl aus i b l e  'feed-forward' activati on 

o f  the EO pathway . However ,  i n  vi vo data o n  adeni ne nucleotide l evel s 

s uggest that  the i nh i bi tion caused by ATP may be more phys i ol og i ca l ly 

i mportant.  
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The extreme thermophi l e ,  Thermus thermophi l us ,  contai ns the 

enzymes of both the EMP and gl uconeogeni c pathways .  Of  these , 

phosphofructok i nase , fructose b i sphosphatase and pyruvate k i nase have 

been establ i shed as regul atory ,  a l l os ter i c  enzymes ( Yoshi zak i  and Imahori , 

1979 a and b ) . The phosphofructoki nase i s  act i vated by ADP and 

i nh i b i ted by PEP wh i l e the fructose b i sphosphatase i s  activated by 

PEP and i nh i bi ted by AMP. The pyruvate ki nase i s  a cti vated by G6P and 

F6P and i nh i bi ted by ATP .  The i n  vi tro data provi de a mechani sm for 

" coupl ed regu l ati on" of the gl ycolyti c/gl uconeogeni c  pathways i n  

T.thermophi l us and th i s  has been confi rmed by i n  vi vo measurement of 

the key metabol i tes. The adeni ne nucl eoti des appear to function as  

a secondary control  s i gnal wi th the l evel s  o f  PEP , F6P and G6P 

bei ng the main  s i gnal s. Thus PEP , a substrate o f  pyruvate k i nase , exerts 

a reci proca l  control on phosphofructoki n ase and fructose bi s phosphatase 

whi l e  F6P , and/or G6P ,  acts as  a 'feed-forward'· acti vator  of the 

pyruvate k i nase. Pyruvate k i nase appears to determi ne mai nly  the rate 

of  glyco l ys i s ,  whi l e  phosphofructoki nase and fructose bi sphosphatase 

determine  both the di rection of fl ow and the rate o f  glycolysi s/ 

gl uconeogenes i s  ( Yosh i zaki and Imahori , 1979 a and b ) .  

The pyruvate k i nases of the facul tati ve phototroph i c  bacteri a 

Rhodopseudomonas sphaeroi des and Rhodopseudomonas capsul ata are 

acti vated by AMP and s ugar monophosphates ( ri bose 5-P , G6P and F6P) ,  

a ga i n  s uggesti ng a rel ations h i p  between the acti vation of  thi s enzyme 

and the type of hexose degradat ion operat i n g ,  i n  thi s case the EO 

pathway ( Schedel et !l. 1975 ; Kl emme , 1974) . R.capsul a ta pyruvate 

k i nase i s  i nhi bi ted by ATP and fumarate whi l e  the R.sphaeroides enzyme 

i s  i n h i�i ted by ATP ,  Pi , s ucci nate and fumarate . I n h i b i tion by 
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s ucci nate and fumarate i s  a l ogi cal regul atory dev i ce for organi sms 

whi ch , l i ke Rhodopseudomonas spp. , grow preferential ly  wi th d icarboxyl i c  

ac ids  a s  carbon sources . 

S ummary 

Pyruvate k i nase has been found to be a key enzyme i n  control l i ng 

the pathways of carbohydrate metabol i sm i n  bacteri a .  I t  i s  i nvari ably 

regul ated by responses to the energy s tatus of  the cel l , as refl ected 

ei ther by ATP (GTP ) i nh i bi tion or  by AMP activati on , as woul d be 

expected for an enzyme pl ay ing  an important rol e  i n  the energy metabol i sm 

of the cel l .  I t  catalyses an i rrevers i b l e  reacti on i n  vi vo and i s  thus 

uni que to the glycolyti c pathway. Conversion of pyruvate to PEP i n  

gl uconeogenes i s  mus t be accompl i shed by a d i fferent route .  The s ubstrate , 

PEP , i s  frequently the common i n termed i ate of  di verg i ng metabol i c  

pathways . Pyruvate k i nase i s  thus i deal ly  si tuated to regul ate both 

the rate and di rection of carbohydrate metabol i sm .  I ndeed , the wi de 

range of effectors of the enzyme found i n  di fferent bacteri a ,  the nature 

of whi ch i s  rel ated to the parti cu l ar pathways of carbon metabo l i sm ,  

confi rms i ts i mportance i n  th i s  rol e .  

1 . 2 CARBOHYDRATE METABOL I SM I N  PROP IONIC  ACI D  BACTERIA 

The propioni bacteri a  are abl e  to ferment a wide vari ety of 

carbohydrates , polyol s and organi c  aci ds to propionate , acetate , C02 

and succi nate ,  the rel ati ve proportions of  whi ch vary a ccord i ng to s ubstrate 

and growth condi ti on s .  The fol l owi ng account o f  metabol i sm i n  propioni c 

ac id  bacteri a wi l l  be restri cted to a cons i deration of  the pathways and 
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enzymes i nvo lved i n  the metabol i sm of  gl ucose , glycerol and l actate . 

Most  publ i shed work has deal t wi th the metabol i sm of one or other of  

these compounds and these three substrates have been used i n  the studi es 

descri bed i n  thi s  thes i s .  

The theoreti cal stoi chi ometry for the fermentation o f  each of 

these three substrates is  as fo l l ows (Wood , 1961 ) .  

3/2 gl ucose ---. 2 propi onate + aceti c acid + co2 + H2o 

3 l actate � 2 propi onate + aceti c acid + C02 + H20 

glycerol ---. propionate + H2o 

However, these stoi chiometri es are sel dom obtai ned i n  practi ce (Wood 

and Werkman ,  1936 ; Van Niel , 1928) . Whi l e  the rati o of co2 to acetate 

i s  usual ly 1 : 1 ,  the rat io  of propionate to acetate has been found to be 

as h i gh as 5 : 1  and succi nate i s  frequently found to accumul ate . On 

gl ucose ,  succi nate has been found to make up from 8-26% of the products 

formed ( Hetti nga and Re i nbol d ,  1972b ) .  

Figure 1 . 2  summari ses the current knowl edge of the metabol i c  pathways 

i nvo l ved i n  the d i s s imi l ati on of l actate , gl ucose or  glyce rol by 

the propioni c aci d  bacteri a .  Al l the enzymes shown have been ei ther 

d i rectly demons trated or deduced from experimental evi dence . 

Catabol i sm of  pyruvate , the common i ntermedi ate of gl ucose , l actate 

or glycerol d i ss imi l ati on , to propi onate , acetate and co2 occurs v i a a 

sequence of reacti ons el uci dated l argely by Wood and eo-workers 

(Al len et !l• 1964 ) . The bi oti n-dependent enzyme , transcarboxyl ase , 

catalyses the transfer of a carboxyl group from methylmal onyl-CoA to 

pyruvate yi e l di ng OAA and propi onyl -CoA. The OAA i s  reduced to mal ate 

wh i ch i s ,  i n  turn , converted to fumarate . The fumarate i s  then reduced 

to succi nate . Thi s  reacti on i s  catalysed by a membrane-bound fumarate-



1 .  Hexoki nase 

2 .  Phosphogl uco i somerase 

3. PP; - dependent phosphofructokinase 

4 .  Al dol ase 

5 .  Triosephosphate i somerase 
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22 . L-l actate dehydrogenase 

23 .  0-l actate dehydrogenase 
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26 . G6P dehydrogenase 
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reductase enabl i ng fumarate to act as  a termi nal el ectron acceptor of 

reduci ng equ i va l ents from vari ous donors ( de Vri es et !l, 1973 ) . CoA 

i s  transferred from the propi onyl -CoA to succinate to form s ucci nyl -CoA 

and propi onate . The succi nyl -CoA i s  then converted to methylmal onyl 

CoA by the corri noi d enzyme mett?'l ma l onyl -CoA mutase . A methyl mal onyl 

CoA racemase converti ng the ( R )  to the ( S ) - i somer compl etes the cycl e .  

Al l en et !l ( 1964 ) al so demonstrated the presence of two o f  the enzymes 

respons i bl e  for the producti on of acetate i n  prop i on i bacteri a ,  the 

phosphotransacetyl ase and acetyl ki nase , and postul ated the presence of 

a pyruvate dehydrogenase , the fi rst enzyme in  the pathway to acetate . 

Hm-1ever ,  Ca stberg and Morri s ( 1978) were unabl e to demonstrate the 

presence of the c l ass i cal  three-enzyme pyruvate dehydrogenase i n  

P . sherman i i .  A study of  thi s reaction woul d be of i nterest as i t  woul d 

requi re regul ati on duri ng growth on glycerol where acetate i s  not a 

product of the fermentati on . When s ucci nate i s  produced as  an 

end-product the propi onate cyc l e  i s  i nterrupted and the enzyme PEP : 

carboxytransphos phoryl ase ( S i u  et !l• 1961 )  converts PEP to OAA wh i ch 

i s  then converted to fumarate and reduced to succi nate . 

Catabol i sm of  gl ucose to pyruvate i s  considered to occur mai nly 

via the EMP pathway al though ,  as descri bed bel ow , the convers i on of 

F6P to FBP i s  catalysed by an enzyme qui te di fferent from the usual 

phosphofructoki nase . Evi dence for the operati on of the glycolyt i c  

pathway i n  propi oni bacteri a has been provi ded by the i sol ati on o f  

several of the i ntermedi ates and enzymes . of glycolys i s  and by the major 

di stri buti on pattern of i sotope l abel i n  various i ntermedi ates whi ch 

i s  cons i stent with such a pathway (Wood et !l, 1955 ; Al l en et !l, 1964 ; 

Hetti nga and Re i nbo l d ,  1972b ) . 

However ,  evi dence has accumul ated whi ch i s  d i ffi cul t  to reconci l e  
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wi th the operation of a s i ng l e  route for hexose degradati on (Wood , 

1961 ; Hetti nga and Rei nbol d ,  1972b) . For exampl e ,  gl ucose 

degradation i s  rel ati vely i nsens i ti ve to glycolytic i nh i bi tors such 

as fl uori de , al though i nterpretation of th i s  data i s  made d i ffi cul t 

by the compl i cated effects of fl uori de on cel l metabol i sm.  Al so , 

the i sotope d i stri bution data do not compl etel y conform to any one 

pathway of carbohydrate d iss imi l ati on . 

Vandemark and Fukui ( 1956 ) found enzymes of both the glycolyti c 

and HMP pathways ( i ncl uding  transketol ase and transal dol ase ) to be 

present i n  cel l -free preparations of Propion i bacteri um pentosaceum 

supporti ng the i sotopi c evi dence for di ssimi l ati on of  hexose by routes 

other than conventional glycolysi s .  Stjernholm and Fl anders ( 1962 ) 

came to s i mi l ar concl us ions from studyi ng the metabol i sm of 14c-l abel l ed 

ri bose and gl uconate i n  cel l -free extracts of P . shermani i .  

Glycerol i s  a l so acti vely metabol i sed by propioni bacteri a .  I ts 

convers i on to DHAP requi res a glycerol k i nase and glycerol phosphate 

dehydrogenase . The presence of glycerol k i nase acti vi ty has been 

demonstrated i n  membrane preparati ons of Propioni bacteri um freudenrei chi i 

by de Vri es et !l ( 1973 )  al though i ts associ ati on wi th  the membrane 

was not studied further. Glycerol phosphate dehydrogenase has been 

parti al l y  puri fi ed and i ts properties reported ( So�e and Ki tsutani , 

1972 ; Sone , 1973) . I t  i s  a membrane-bound , NAD-i ndependent dehydro

genase trans ferri ng reduci ng equ ival ents vi a an el ectron transport 

pathway to fumarate ( de Vri es et !l• 1973) . Wood and Werkman ( 1936 ) 

demonstrated a co2 requi rement for growth of P . shermani i on glycerol 

and l ater showed that the amount of succi nate formed is equi val ent to 

the net uptake of co2 (Wood and Werkman , 1940 ) . The enzymi c bas i s  

for thi s  i s  di scussed bel ow .  
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The abi l i ty to ferment l actate anaerob ical l y  i s  one of the 

di sti ncti ve features of the propioni bacteri a and i s  respons i ble  for thei r 

val ue i n  the ri pen ing ,  fl avour development and eye fonmati on i n  Swi ss 

cheese manufacture . Both stereoi somers of  l actate can be used by 

propioni bacteri a ( de Vri es et !1. 1972 ) .  A NAD- i ndependent l actate 

dehydrogenase was descri bed by Mol i nari and lara ( 1960 ) but there 

have not been any reports of puri f.i ed 0- and l-speci fi c forms of thi s 

enzyme . However, i t  i s  cl ear from s tud ies i n  our l aboratory (Asmundson 

and Pri tchard , personal communi cati on ) that two separate membrane-bound 

enzymes d i fferi ng i n  stab i l i ty and i nhi bi tor sensi ti vi ty are i nvol ved . 

Thi s  i nvesti gation i s  concerned pri mari ly wi th the regul ati on of 

the pathways of  glycolysi s and gl uconeogenes i s  i n  P . sherman i i .  These 

pathways conta in  a number of unusual enzymes i n  thi s bacteri um. 

O ' Bri en et !l ( 1975) reported that , whi l e  the enzymes ATP : phospho

fructoki nase and fructose bi sphosphatase are present i n  crude extracts 

of P . shermani i ,  the i r  activi ti es are very much l ower than those of 

other g lycol ytic enzymes .  However,  these workers a l so demonstrated the 

presence of a reversi ble pyrophosphate-dependent phosphofructoki nase 

( reacti on I ) at comparatively h i gh l evel s of acti vi ty .  

F6 P + PP; 'llli:,:---- FBP + P; ( I ) 

They suggest that thi s enzyme coul d ful fi l the rol e  of both phospho

fructok i nase i n  glyco lysi s and fructose bi sphosphatase i n  gl u�oneogenesi s .  

The PP i-dependent phosphofructokinase i s  present at l evel s  6-fol d hi gher 

than the ATP : phosphofructokinase and 15-20 fold  hi gher than the fructose 

b i sphosphatase i n  crude extracts of P . shermani i (Wood et !l• 1977 ) . 

The enzyme has a h i gh affi n i ty for PP; (Km 0 . 069 mM) and i s  freely 
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reversi bl e wi th the FBP-forming reaction havi ng a s l i ghtly hi gher Vmax 

in vi tro ( Wood et !1• 1977) . O ' Brien et al ( 1975) d id  not find any 

al l osteric  effectors of the PP i -dependent phosphofructoki nase and 

they suggest  that , i f  there are no speci fi c control s of the acti vi ty of 

th i s  enzyme , the fl ux through FBP wou l d  depend on the k ineti c properties  

of the enzyme and the i ntracel l ul ar concentrations of  the subs trates 

and products of the reacti on . Previ ous to i ts di scovery i n  P . shermani i 

the PPi -dependent phosphofructoki nase had only been reported i n  

Entamoeba h i stolyti ca ( Reeves , 1974 ) but i t  has subsequently been 

reported i n  Bactero ides fragi l i s  ( Macy et al , 1978) and i n  pi neappl e 

l eaves ( Carnal and Bl ack , 1979 ) .  

I n  h i gher organi sms and i n  many bacteri a the i nterconvers ion of  

F6P and FBP i s  the pri nci pl e point for i ndependent control of  glycol ys i s  

and g luconeogenes i s  vi a reci procal al l osteri c modul ati on of  the two 

separate , vi rtual ly i rreversi b le  reactions catalysed by AlP-dependent 

phosphofructoki nase and fructose bi sphosphatase . I n  the absence o f  

i ndependent glycolyti c and gl uconeogeni c  reactions for interconvers i on o f  

F6P and FBP i n  propioni bacteri a the major control poi n t  determi ning  the 

rel ati ve glycolyti c and gl uconeogen i c  capaci ti es of the organism i s  

therefore l i kely to be that between PEP and pyruvate . 

Evans and Wood ( 1968) d i s covered a pyruvate , orthophosphate di k i nase 

i n  P . shermani i whi ch catalyses reacti on 1 1 .  

� 
PEP + AMP + PP; � pyruvate + ATP + P; ( I  I )  

l i ke the PP; -dependent phosphofructokinase the pyruvate , ·orthophosphate 

di ki nase i s  al so PP; dependent. I t  i s  i nteresting to note that i t  shows 

the same unusual di stributi on as the PP; -dependent phosphofructoki nase · 

having been reported i n  Entamoeba h i s tolyti ca ( Reeves , 1968) , Bacteroides 
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symb iosus ( Reeves et !l• 1968) and hi gher pl ants possess i ng Crassul acean 

aci d metabol i sm ( Kl uge and Osmond , 197 1 )  and c4 photosynthes i s  ( Hatch 

and Sl ack , 1968) . Whi l e  the equ i l i bri um constant for the pyruvate , 

orthophosphate di ki nase reacti on i s  near uni ty,  Wood et !l ( 1977) 

consider that i ts mai n  function i s  to catalyse the synthes i s  of PEP 

from pyruvate duri ng  gl uconeogenes i s  when growi ng on substrates such 

as l actate . The enzymes pyruvate carboxyl ase and PEP : carboxykinase , whi ch 

ful fi l  th i s  gl uconeogeni c functi on in  hi gher organ i sms , are absent i n  

propi oni bacteri a .  However ,  i n  contrast to the s i tuation wi th the 

PP i -dependent phosphofructoki nase , where a s i ngl e enzyme probably functions 

i n  both glycolysi s and gl uconeogenes i s ,  the convers ion of  PEP to pyruvate 

can be catalysed by a pyruvate ki nase whi ch i s  a l so present at hi gh l evel s 

of acti vi ty i n  prop i oni bacteri a ( Wood et  !l, 1977 ) .  The properti es of  

the pyruvate k i nase have bot been previ ously reported and i ts presence 

i n  l actate-grown cel l s  c l early presents the poss i bi l i ty of a futi l e  cyc le  

i n  conj uncti on wi th the di ki nase .  The  recogni ti on of  th i s  probl em formed 

the starti ng  poi nt for the present i nvesti gati on . 

PEP i s  al so the s ubstrate of another unusual enzyme found i n  th i s  

bacteri um, the PEP : carboxytransphosphoryl ase , fi rst reported by Si u and 

Wood ( 1962 ) . Thi s enzyme catalyses reaction I l l  and i s  the enzyme 

respons i b l e  for the uptake of  co2 by prop ioni bacteri a .  

� 
PEP + P i + C02 � OAA + PP; ( I l l ) 

Wood et  !l ( 1977)  cons i der that the carboxytransphosphoryl ase serves 

an anapl eroti c functi on i n  these organ i sms and i s  requi red only to 

provide the OAA that i s  converted to the 4-carbon d i carboxyl i c  aci d ,  

succi nate , that accumul ates a s  a n  end-product and the OAA that i s  used 

for anabol i c  purposes such as synthes i s  of aspartate and gl utamate . 

I t  i s  not i nvol ved i n  the propionate cycl e  of propi oni c aci d bacteri a .  
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For every mol e of  PEP carboxyl ated to OAA vi a the carboxytransphosphoryl ase ,  

however ,  the cel l i s  depri ved of a mole  of ATP that wou l d  have been 

deri ved from the pyruvate ki nase reacti on.  Cl early the carboxytrans

phosphoryl ase requi res  regul ati on � vi vo .  O ' Br ien  and Wood ( 1 974}  

demonstrated such a pos si bl e control medi ated by l i gand-i nduced subuni t 

i nteracti ons of the enzyme . Thus OAA , fumarate and mal ate ( but not 

succi nate or aspartate }  are abl e to i nduce dimeri sation  of the tetrameri c  

enzyme wi th a concomi tant decrease i n  acti vi ty .  Th i s  provided a poss i bl e  

means for control o f  the pathway l eadi ng to succ inate production and 

may be i mportant i n  determi n i ng the re l ati ve proporti ons of PEP 

metabol i sed through the d iverg i ng pathways . 

I n  addi tion to the above reacti ons known to i nvol ve PEP ,  another 

possi bl e dra i n  on the PEP pool may be the coupl ed uptake of gl ucose 

to form G6P by a membrane-bound PEP : phosphotransferase sys tem anal ogous 

to that found i n  a wi de range of bacteri a possess i ng the EMP pathway o f  

g l ucose metabol i sm ( Romano e t  !l• 1970 ) . However ,  as  yet there i s  no 

experimental evi dence supporting  the exi stence of such a system . 

As descri bed above there are three enzymes wh i ch uti l i se PP; a s  

a cofactor  i n  the carbohydrate metabol i sm o f  P . sherman i i ;  the PP; 

dependent phosphofructok inase , pyruvate , orthophosphate d i k i nase and 

PEP : carboxytransphos phoryl ase ( reacti ons I ,  1 1  and I l l  respecti vely) . 

Of these three Wood et  !l ( 1977 ) cons i der the PP; -phosphofructok i nase 

to be the onl y  one i nvol ved i n  the uti l i sation of PP; s i nce thi s  enzyme 

probabl y accounts for a s i gni fi cant porti on of the fl ux through FBP 

duri ng glycolys i s .  Thus there must  be a n  equal l y  s i gn i fi cant production 

of PP; as  an energy source when fermenting  gl ucose . Thi s ,  however ,  woul d 

not be the case for growth on gl ycerol or l actate where the PP; -dependent 
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phosphofructoki nase i s  not requi red to  operate in  the g lycolyti c 

d i recti on . 

Al though , dur ing  growth , there i s  an exten s i ve producti on of  PP; 

v i a  a wide range of anabol i c  react ions , a defi n i te ,  major catabol i c  

source of PP1 , wh i ch woul d be requi red for the PP; -phosphofructoki nase 

reaction , i s  not known ( Wood , 1977 ) .  Pyruvate , orthophosphate 

d i k inase cou ld  provide a s i gn i fi cant source of  PP; duri ng growth on 

l actate but thi s woul d  not be the case in the fermentation of  gl ucose . 

PEP : carboxytransphosphoryl ase woul d  generate PP; , by reaction I l l , but 

only to the extent that succi nate accumu lates as an end-product.  

However , Wood ( 1977 )  s uggests that PP; coul d be formed from PEP by the 

carboxytransphosphoryl ase catalys i ng reacti on I V ,  wh i ch occurs at very 

l ow concentrati ons of  co2 • 

PEP + P ;  --•• pyruvate + PP; ( I V)  

Such a reaction mi ght in  part repl ace the pyruvate k i n ase reacti on to 

generate PP; i nstead of ATP .  

Wood et  !L ( 1977 )  a l so specul ate that PP; rather than ATP may 

be generated by the el ectron-transfer- l i nked phosphoryl ation thus prov id i ng 

a catabol i c  source of  PP; . A membrane-bound anaerobi c el ectron-transfer  

system us i ng fumarate as  el ectron acceptor has been demonstrated i n  

propion i c  aci d  bacteri a  (de Vri es et !l• 1973 )  and there i s  i ndi rect 

evi dence that e l ectron transfer i s  coupl ed to phosphoryl ati on .  The 

demonstration  of an energy-l i nked membrane -bound pyrophosphatase as i n  

photosyntheti c bacteri a ( Bal tscheffsky and von S tedi ngk , 1966 )  has not 

yet been estab l i s hed i n  prop ion i c  acid bacteri a .  Propi o n i c  aci d  bacteri a ,  

l i ke most  other bacter i a ,  contai n  i norgani c  pyropho sphatase (Wood , 1977 ) .  

I norgani c  pyrophosphatases are general ly  cons i dered to contribute to a 



thermodynami cal ly  favourabl e s teady-state for those b i osyntheti c 

reacti ons wh i ch generate PP; , by hydrolys i ng the PP; to P; . 

2 1 .  

I n  the presence of  an act i ve pyrophosphatase the l evel o f  PP; i n  

the cel l woul d be expected to approach zero .  However ,  Kl emme ( 1976) 

reports on several recent papers showi ng that the i ntrace l l ul ar 

concentrati on of PP; i s  i n  the range of 0 . 1 to 1 . 0  mM i . e .  at  l evel s 

comparabl e to those of other i ntermedi ates of energy metabol i sm .  He 

s uggests that the PP; -dependent transphosphoryl ases found i n  P . s hermani i  

can effecti vely compete wi th the hydrolyti c i norgan i c  pyrophosphatases 

(wh i ch may be regul ated in vi vo ) for the common subs trate , PP; . 

I t  can be seen then , that both the carbon and energy metabol i sm of  

the propi oni bacter ia  contai n features uni que to  the genus whi ch woul d 

requi re speci fi c control mechani sms to regul ate the di recti on and rate 

of fl ow of  metabol i sm.  

1 . 3  A IMS OF TH I S  I NVEST IGATI ON 

The major a i m  of th i s  study was to determi ne poss i bl e  regul atory 

mechani sms for the control of the oppos i ng pathways o f  glycolys i s  and 

gl uconeogenes i s  i n  P . s herman i i . These bacteri a metabol i se gl ucose to 

pyruvate vi a a glycolyti c pathway i n  whi ch the AlP-dependent phospho

fructoki nase i s  l argely  repl aced by a PP; -dependent phosphofructoki nase , 

cata lys i ng a freely  revers i bl e  reacti on . Th i s  same enzyme 

apparently functi ons duri ng gl uconeogenesi s  from l actate , whi ch 

i s  read i ly  fermented by propi oni bacteri a .  The exi stence of  thi s 

d i sti ncti ve ,  enzyme-catalysed reacti on  for the i nterconvers ion of F6P 

and FBP sh i fts the necessi ty for control of these pathways to the 

reacti ons i n vo l ved i n  the i nterconvers i on of PEP and pyruvate where 
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i ndependent enzyme-catalysed reactions  exi st . I n  addi t i on to the need 

for regul ation of glycolysi s and g l uconeogenesi s ,  the substrate and 

product of  the pyruvate k inase reaction , PEP and pyruvate , are common 

i ntermedi ates i n  a number of di vergi ng metabo l i c  pathways . These 

consi derations suggested that pyruvate k i nase i s  a l i ke ly  s i te for 

regul ation i n  propi oni bacteri a as  i t  i s  i n  other organi sms ( Section 1 . 1 . 1 ) . 

One poss i bl e  mechani sm of  regul ation woul d be by control of enzyme 

synthe s i s  - the d i st incti ve glycolyti c or gl uconeogeni c enzymes may be 

i nduced or repres sed under appropri ate condi t ion s .  Th i s  was tested by 

measurement of enzyme l evel s under di fferent nutri tional cond i ti ons . 

Thi s part i cul arly concerned the enzymes of PEP metabol i sm ;  PEP : carboxy

transphosphoryl ase , pyruvate , orthophosphate di ki nase and pyruvate k i nase 

( Chapter 3 ) . Hav ing establ i s hed that  pyruvate k i nase must be control l ed 

by a l l os teri c modul ati on rather than by an i nduction/repress ion  

mechani sm a detai l ed study of  the enzyme was undertaken to es tabl i s h  i ts 

regul atory properti es i n  vi tro ( Chapter 4 ) . 

A second important a im  of the i nves ti gat ion was to determine the 

i n  v i vo concentrati ons of key metabo l i te s  i n  P . shermani i i n  order to 

re l ate the i n  v i tro data on enzyme regul ation to the i n  vi vo si tuation . 

I n  v i vo metabol i te concentrations \'#ere determi ned i n  both batch and - --
conti nuous cul tures of  P . shermani i growi ng  on  three di fferent carbon 

sources - l actate , gl ucose and glycero l  ( Chapters 5 and 6 ) . Thi s 

provi ded a wi de range of  nutri tional condi tions for the bacteri a i n  

whi ch the di fferent metabol i c  pathways o f  the ce l l  woul d  operate wi th 

d i fferi ng re l ati ve acti vi ti es . Such v ar iations of  the cel l ul ar metabo l i sm 

woul d pro vi de a good means for s tudying  the ill v ivo i mportance of 
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regul atory mechani sms .  

F i nal l y ,  both the i n  v i tro data on enzyme regul ati on and � vi vo 

data on metabol i te l evel s were re-eval uated to i denti fy areas for 

further
. 
study . Some very pre l i mi nary i nvesti gations of  these areas 

were undertaken { Chapter 7) wi th a v iew to open i ng up other l i nes of  

approach to the study of metabol i c  regul ation i n  P . s herman i i .  



Chapter 2 

MATERIALS AND METHODS 



2 . 1  I NTRODUCTION 
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Thi s chapter descri bes the general procedures and analyti cal 

methods whi ch were used routi nely dur ing  th i s  i nvesti gati on and 

therefore apply to more than one of  the fol l owi ng chapters . The 

descri ption of  methods or procedures whi ch apply to speci fi c parts of 

the i nvesti gati on are contai ned in the rel evant chapters . 

2 . 2  MATERIALS 

B iochemi cal s were obtai ned from the S i gma Chemi cal Company , U . S . A . 

Except where otherwi se speci fied ,  ADP , guanosi ne 5 1 -di phosphate , 

NADH , AMP , ATP and F6P were the di sodi um sa l ts , PEP and 6-phospho

gl uconate were the tri sodi um sal ts , FBP was the tetrasodi um sal t and 

G6P and NADP were the monosodi um sal ts .  

The buffer  components , N-tri s ( hydroxymethyl )methyl glyci ne 

{Tri ci ne ) , tri s { hydroXYmethyl ) ami no methane { Tri s ) , 1 , 3-bi s;-tri s 

( hydroxymethyl )methyl ami no_l-propane ( B i s -tri s propane ) ,  2/-N-morphol i no_] 

ethane su l phoni c aci d ( MES ) , and N-2-hydroxyethyl p i peraz i ne-N ' -

2-ethanesul phoni c aci d ( HEPES )  were a l l obtai ned from S i gma . 

G6P dehydrogenase ( bakers yeast ) , l acti c dehydrogenase ( rabbi t 

muscl e ) , pyruvate k i n ase ( rabbi t muscl e) ,  myokinase ( rabbi t muscl e ) , 

a -glycerophosphate dehydrogenas�/tri osephosphate i somerase ( rabbi t 

muscl e ) , phosphog l ucoi somerase (yeast ) , hexoki nase (yeast ) , al dol ase 

( rabbi t muscl e ) , and mal ate dehydrogenase ( p i g  heart) were obtai ned from 

Si gma . 

lactate dehydrogenase used i n  C hapter 4 was a h i ghly puri fied 

preparation from p i g  muscl e ( 500 uni ts/mg protei n )  free from any 

detectabl e pyruvate k i nase .  
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Sodi um D/l l actate ( 60% sol uti on )  was obtai ned from Bri ti sh Drug 

Houses Ltd. , U . K  • •  lactate used for the chromatograph i c  

s tandard was the l i th i um sa l t obtai ned from S i gma . 

Sephacryl S200 was obtai ned from Pharmaci a and DEAE-Sephadex 

A-25-120 was obtai ned from S i gma . 

Coomass i e  Bri l l i ant B l ue G-250 used i n  protei n assays was obtai ned 

from Sigma .  

low fl uorescence Grade I I I  Imi dazol e used i n  the fl uorometri c 

analyses was obtai ned from S i gma . 

Pyruvi c aci d ( sodi um sa l t )  was obtai ned from Merck ( Germany) . 

l- i somers of cystei ne/HCl , prol i ne ,  asparag i ne ,  methi oni ne , 

i so leuci ne , seri ne , tryptophan , gl utami ne , lysi ne/HCl , tyros i ne and 

h i s ti di ne were obtai ned from S i gma . The l-i somers of  the remai n i ng  

ami no aci ds and glyci ne , were obtai ned from Bri ti sh Drug Houses Ltd. 

The radiochemi cal s  D-�u-14c�gl ucose ( 333 mCi /mmol ) ,  

�t-14c�glycerol ( 56 mCi /mrnol ) ,  DL-�t- 14c_7l acti c aci d ,  sodi um sal t 

( 51 mCi /mmol ) and carri er-free �32P�NaH2Po4 were obtai ned from The 

Radiochemi cal Centre , Amersham .  

Al l other reagents and  i norgan i c  s a l ts were obtai ned as  the 

Anal ar grade from Bri ti sh Drug Houses Ltd . 

2 . 3  ORGAN ISM AND MAI NTENANCE 

Propi on i bacteri um shermani i ATCC 9614 was obtai ned from the 

Department of Food Sci ence and Nutri ti on , Uni vers i ty of Mi nnesota , 

and was mai ntai ned i n  broth cul ture contai n i ng 10 g/1 casei n  
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hydrolysate ,- 10 g/1 yeast extract , 20 g/ 1 60% sodi um D/L l actate , 

0 . 25 g/1 KH2Po4 , 0 . 20 g/ 1 MgS04 . 7H20 and 0 . 05 g/1 MnC1 2 . 4H20 .  

S tock cul tures grown for 24-30 h at  30°C were mai ntai ned a t  4°C and 

subcul tured at i nterval s of  not more than one month . 

Cul tures were regul arly  checked for puri ty by mi croscopi c exami n

ation of Gram-stai ned cel l s  and by pl ati ng out on  agar medi um ( us i ng 

medi um described above wi th 2% Davi s agar) . P . shermani i  does not 

grow on agar pl ates when i ncubated aerobi cal ly and so thi s procedure 

was used for detect ing  aerobi c contami nants . Anaerobi c contami nants 

were detected by i ncubati ng the pl ates  anaerob i cal ly  us i ng an anaerobi c 

j ar (Gaspak ; Becton , Di cki nson and Co . ,  Maryl and , U . S . A. ) .  

2 . 4  DETERMINAT ION O F  THE RELATIONSH I P  BETWEEN OPT I CAL DENS ITY 

AND DRY WE I GHT OF  CELL SUSPENSIONS 

Bacteri al cel l dens i ty was determi ned by measurement of  

turbi d i ty at  540 nm i n  a Bausch and Lomb Spectroni c 20  col orimeter .  

Cul tures were di l uted wi th di s ti l l ed water so  that the absorbance 

measured was wi thi n the range 0 . 05-0 . 30 .  

The rel ationshi p between opti cal dens i ty a t  540 nm and dry wei ght 

was determi ned by the membrane fi l ter  method ( Cook et !l, 1976 ) us i ng 

a cel l  s us pens ion of  40 mg wet wei ght/cm3 whi ch had been prepared 

from the centri fuged pel l et ( 10000 g ,  10 mi n )  of  cel l s  harvested 

i n  the mi d-l ogari thmi c phase of  growth on a l actate defi ned medi um 

( Secti on 3 . 2 ) . 

Dry wei ghts were meas ured by s ucti on fi l teri ng samples  of thi s 

cel l  suspens i on ( i n  t ri pl i cate ) onto 0 . 8  pm Mi l l i pore fi l ters whi ch 

were then dri ed to a constant wei ght i n  an oven at 60°C .  
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The figure shows the relationship between dry weight and optical 

density for P. shermanii as determined by the membrane filter 

method (Section 2.4). 
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Further porti ons of the cel l  suspensi on were d i l uted and 

assayed turb i d imetri cal l y  at  540 nm. The rel ati onsh i p  between 

dry wei ght and oo540nm i s  g i ven i n  F i gure 2 . 4 .  ( OD540nm of 1 . 0 

= 1 . 4 mg wet wei ght/cm3 
= 0 . 35 mg dry we i ght/cm3 } 

2 . 5  ESTIMATION OF SUBSTRATES AND PRODUCTS I N  THE GROWTH MEDIUM 

Sampl es were taken from cul tures a s  i ndi cated i n  the rel evant 

secti ons , the cel l s  removed by centri fugation (27000 g .  5 mi n } , and 

the cl ear supernatants s tored frozen ( -20°C } . 

2 . 5 . 1  Glycerol  

Glycerol was determi ned col orimetri cal ly  accord i ng to the method 

of Ne i sh ( 1952 } . 

2 . 5 . 2  Lactate and Succi nate 

Lactate and s ucci nate were determi ned as  thei r methyl esters by 

gas- l i qui d chromatography using a 10% EGSS-X (ethyl ene s ucci nate

methyl s i l i cone copolymer} on 100-200 mesh Chromosorb Q col umn i n  a 

Packard Model 831 Gas Chromatograph . The methyl esters were prepared 

d i rectl y from the sampl es of cul ture medi um essenti al ly  accordi ng 

to the method of  S i egel et !l ( 1977 } .  The col umn was run 

i sothermal ly  at 130°C wi th fl ow rates of 33 cm3/mi n for N2 and 

400 cm3/mi n for a i r  and 35  cm3/mi n for H2 for the fl ame i on i sati on 

detector .  Under these condi ti ons l actate , pyruvate and succi nate 

were the only organi c aci d  esters detected i n  el uates from the 

col umn . 

Level s of  l actate and succi nate i n  medi a s upernatants were 

determi ned by compari son wi th an i nternal s tandard of fumarate added 
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to the med i a  samp le  before preparation of the methyl esters . 

Cal i b rati on curves rel ati ng peak hei ghts to known concentrations 

of pure s tandard were prepared for s ucci nate and l actate . 

2 . 5 . 3  Acetate and Propionate 

Acetate and prop ionate were determi ned di rectly by gas - l i qui d 

chromatography usi ng a 150 x 0 . 4  cm co i l ed gl a ss co l umn packed wi th 

20% F FAP ( Carbowax 20 M-2 ni troterephthal i c  aci d compl ex ) on 

Anakrom Q ( 60-70 mesh ) i n  a Vari an Aerograph Seri es  2700 . The 

col umn was operated i sothermal ly at 149oc wi th fl ow rates of 27 cm3/mi n 

for Nz and 2 10 cm3/mi n for ai r and 25 cm3/mi n for H2 for the fl ame 

ioni s ation detector. Sodi um butyrate was added to the sampl es as 

an i nternal standard .  Sampl es were aci di fi ed to 1 M H3Po4 us i ng 

5 M H3Po4 i mmedi ately pri or to i njection and rel ati ve proportions 

of the compounds determi ned by measurement of peak hei ghts . Actual 

concentrati ons of propi onate and acetate were determi ned from 

cal i b ration curves prepared by chromatography of  a known mi xture 

of the aci ds ( Ki rk et !l. 1971 ) . 

2 . 5 . 4  Gl ucose 

Gl ucose was measured enzymati cal ly  essenti al l y  accordi ng to 

the method of  S l e i n  et !l ( 1950 ) . Thi s i s  based on  the fl uorometri c 

esti mation of the NADPH produced i n  a system contai n i ng hexoki nase , 

G6P dehydrogenase and �ADP. The system u sed was the same as that 

descri bed for the estimati on of ATP i n  Section 2 . 8  except that the 

2 mM gl ucose i n  the assay mi xture for ATP determi nation was repl aced 

wi th 1 mM ATP and al i quots of  the medi um contai n i n g  between 0 . 2  and 
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10 nmol gl ucose were added . The react ion was i ni ti ated by addi tion 

of 10 �g hexok i nase .  The amount of gl ucose present in  the sampl e 

was esti mated from the i ncrease i n  fl uorescence which was then 

rel ated to gl ucose content by measuring the s ubsequent i ncrease i n  

fl uorescence caused by the addi tion o f  standard amounts of gl ucose . 

2 . 6  PROTEIN EST IMATI ON 

Prote i n  concentrati on was determi ned ei ther by the method of 

lowry et !l { 195 1 )  or the Coomass i e  Bri l l i ant Bl ue prote i n-dye 

bi nding method of Bradford { 1976 ) . The b i nd i ng assay was extens i ve ly  

used throughout the early s tages of the i nvesti gati on because of i ts 

conven i ence .  Good agreement was obtai ned i ni t ia l ly between the val ues 

found by the dye bi ndi ng assay and those us ing  the Fol i n  -Ci ocal teu 

reagent . However ,  i t  was l a ter found that d i fferent batches o f  

t he Coomass ie  Bri l l iant Bl ue G-250 used i n  the b i ndi ng assay vari ed 

i n  qual i ty and gave resu l ts s i gn i f i cantly di fferent from those 

obtai ned by the lowry method .  

For each assay protei n concentrat ion was ca l cu l ated from a 

standard curve constructed us i ng bov ine  serum a l bumi n .  The 

parti cu l ar assay method used for each determi nati on wi l l  be 

spec i fi ed at the rel evant p lace .  

2 . 7  MEASUREMENT OF ENZYME ACT I V IT I ES 

Enzyme acti vi ties  were determined by s pectrophotometri c 

determi nati on of NAD ( P ) H  production  or consumpti on at 340 nm ei ther 

di rectly or by enzymatic coupl i ng to NAD ( P ) H  produc i ng or consumi ng 

reacti ons . 
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Act iv i t ies were determi ned at  30°C i n  a Uni cam SP  1800 

Spectrophotometer in a total  vo l ume of 1 . 0  cm3 wh i ch conta i ned 0 . 1  cm3 

of a s u i tably d i l uted enzyme extract i n  reacti on mi xtures 

conta i ni ng substrates , cofactors , coupl i ng enzymes and buffers a t  

the fi nal concentrations i nd i cated bel ow .  

In  a l l o f  these assays the enzyme sampl e was i ncubated i n  the 

reacti on mi xture , minus the metabol i te underl i ned , for a few 

m inutes to obtai n any background rate due to i nterferi ng enzyme 

act i v i ties  before starti ng the reaction by addi ti on of the underl i ned 

metabol i te .  

Enzyme acti vi ti es were esti mated from the rate o f  d i sappearance 

of NADH or  appearance of NADPH us i ng the mol ar exti ncti on coeffi ci ent 

for these compounds at 340 nm of 6 . 2  x 103
• 

Enzymi c acti v i ty was measured i n  enzyme un i ts , one enzyme uni t 

bei ng the amount of enzyme that converts one pmol e  of substrate . per 

m1 nute . 

Pyruvate Ki nase , ( E . C . 2 . 7 . 1 . 40 ) : 2 mM ADP , 0 . 25 mM NADH , 20 mM 

MgC1 2 • 5 mM PEP ,  3 uni ts l actate dehydrogenase , i n  0 . 1  M Tri ci ne/ 

NaOH buffer ( pH 7 . 5 ) . 

Pyruvate, Orthophosphate Di ki nase , ( E . C .  2 . 7 .9 . 1 } : 6 mM PP1 , 

6 mM AMP,  0 . 25 mM NADH , 24 mM ( NH4) 2so
4 , 10 mM MgC1 2 , 2 . 5  mM PEP ,  

3 uni ts l actate dehydrogenase , i n  0 . 1  M Tri c i ne/NaOH buffer ( pH 7 . 5 } . 

Phosphoenolpyruvate : Carboxytran sphosphoryl ase ,  ( E . C .  4 . 1 . 1 . 3 } :  

10 mM K2HP04 , 30 mM KHC03 , 1 2  mM MgC1 2 , 0 . 1  mM CoC1 2 , 0 . 25 mM NADH , 

2 . 5  mM PEP .  The reaction mi xture (mi nus PEP)  was brought to p H  6 . 5  
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by bubbl f ng wi th C02 for 15 mi n .  The as say requ i res mal ate 

dehydrogenase a s  a coupl i ng enzyme. Th i s  i s  present i n  excess i n  

crude extracts o f  P . shermani i so addi ti on o f  commerci al mal ate 

de hydrogenase was unnecessary .  When assayi ng the enzyme i n  more pur

i fied preparati ons 3 uni ts of commerci al mal ate dehydrogenase was 

added to the assay mi xture . 

Pyrophosphate-dependent Phosphofructoki nase :  

( a) For meas urement i n  the di rection of FBP production : 1 . 5  mM F6P ,  

0 . 25 mM NADH , 2 0  mM MgC1 2 , 1 mM PP1 , 2 uni ts a l dol ase , 0 . 83 un i ts 

tri osephosphate i somerase/glycerophospha te dehydrogenas e ,  i n  0 . 1 M 

Tri ci ne/NaOH buffer ( pH 7 . 5 ) . 

( b )  For measurement i n  the di rection of F6P producti on : 0 . 2 5  mM 

NADP , 10 mM MgCl 2 , 1 mM Pi , 2 mM FBP ,  2 uni ts phosphogl ucoi somerase ,  

2 . 7 un i ts G6P dehydrogenase , i n  0 . 1 M Tri ci ne/NaOH buffer ( pH 7 . 5 ) . 

Th i s  assay wou l d  incl ude any act i v i ty due to fructose 1 ,6 -bi sphos

phatase i n  the extract . 

Gl ucose 6 -phosphate Dehydrogenase , ( E . C .  1 . 1 . 1 . 49 ) : 0 . 25 mM NADP , 

10 mM MgC1 2 , 2 mM G6P ,  i n  0 . 1 M Tri ci ne/NaOH buffer ( pH 7 . 5) . 

Phosphogl uconate Dehydrogenase , ( E . C .  1 . 1 . 1 . 44 ) : 0 . 25 mM NADP 

10 mM MnC1 2 , 2 mM 6-PG , i n  0 . 1 M Tri ci ne/NaOH buffer ( pH 7 . 5 ) . 

Hexoki nase , ( E . C .  2 . 7 . 1 . 1 . ) :  2 mM ATP , 10 mM MgC1 2 , 0 . 25 mM NADP , 

2 mM gl ucose , 2 . 7  un i ts G6P dehydrogenase , i n  0 . 1 M Tri ci ne/NaOH 

buffer ( pH 7 . 5 ) . 

Al do l ase , ( E . C .  4 . 1 . 2 . 1 3 ) : 0 . 25 mM NADH , 2 mM FBP ,  0 . 83 uni ts 

tri osephosphate i somerase/glycerophosphate dehydrogenase ,  i n  



33 . 

0 . 1 M Tri ci ne/NaOH buffer ( pH 7 . 5 } . 

Mal ate Dehydrogenase . ( E . C .  1 . 1 . 1 . 37 } : 0 . 25 mM NADH . 0 . 375 mM OAA . 

i n  0 . 1  M Tri ci ne/NaOH buffer { pH 7 . 5 } .  

Phosphogl ucoi somerase .  ( E . C .  5 . 3 . 1 . 9 } : 10 mM MgC1 2 • 0 . 25 mM NADP . 

2 mM F6P .  2 . 7  un i ts G6P dehydrogenase . i n  0 . 1  M Tri ci ne/NaOH 

buffer { pH 7 . 5 } . 

Adenyl ate Ki nase . ( E . C . 2 . 7 . 4 . 3 } : 2 mM PEP.  2 mM AMP . 10 mM MgC1 2 • 

0 . 25 mM NADH . 2 mM ATP . 2 uni ts pyruvate k i nase . 3 uni ts l actate 

dehydrogenase . i n  0 . 1  M Tri ci ne/NaOH buffer { pH 7 . 5 } . 

NADH-oxidase : 0 . 25 mM NADH . i n  0 . 1  M Tri ci ne/NaOH buffer ( pH 7 . 5 ) . 

2 . 8  DETERMI NATION O F  GLYCOLYTIC METABOLITES B Y  ENZYMIC/ 

FLUOROMETRIC TECHN IQUES 

Glycolytic  i ntermedi ates were determi ned us i ng  enzyme systems 

coupl ed to reactions  produci ng or consumi ng NAD( P } H  whi ch cou l d  be 

fo l l owed fl uorometri cal ly .  The as says were deri ved from methods 

descri bed by Lowry et  !1 ( 1971 ) . Mai tra and Estabrook ( 1964 ) . and 

Thompson and Thomas { 1977 } . 

As says were performed at 25°C i n  an Ami nco SPF 500 Spectra

fl uorometer wi th exti nction and emi s s i on wavel engths set at 340 nm 

{ 0 . 5  nm bandpass }  and 460 nm {4 nm bandpass ) res pectively .  The 

fl uorometer was used i n  the ratio mode at a range sett ing  of 10 ; 

the range vern i er was set to g i ve a ful l  s cal e defl ection equ i valent 

to 2 . 5  nmol NADH . 

The glycolyti c i ntermedi ates were assayed by 3 di s ti nct 
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enzyme-coupl ed systems . Al l assays were carri ed out i n  a total 

vol ume of 2 . 5  cm3 in 50: -RlH Imi dazo l e/HCl buffer ( pH 7 . 1 ) using 

reaction mi xtures contai ni ng components at the final concentrations 

gi ven i n  the fo l l owi ng descri ption . 

A. Es timati on of G6P, F6P and ATP : 10 �M NADP , 10 mM KCl , 

2 mM MgC1 2 , 2 mM gl ucose , 100-250 �1 extract. 

G6P in the extract was determined fi rs t by add i tion of 10 pg 

G6P dehydrogenase . After al l owi ng suffi cient time ( 2-3 mi n }  for 

thi s reaction to go to compl etion , F6P was determi ned by addi tion 

of 4  pg phos phogl uco i somerase . Fi nal ly after a further 2-3 mi n 

ATP was estimated by addi tion of 10 �g hexoki nase ( 3-6 mi n) . 

B .  Estimati on of Tri ose phosphates (DHAP and Ga 3-P) and FBP : 

5 �M NADH , 10 mM KCl , 2 mM MgC1 2 , 100-250 �1 extract. 

The tri ose phosphates in the extract were determi ned by 

addi tion of  15 »g tri osephosphate i somerase/gl ycerophosphate 

dehydrogenase after wh i ch ( 3-5 mi n }  FBP was determi ned by addi tion 

of 10  pg a l dol ase ( 3-5 mi n ) . 

C .  Estimation of Pyruvate, PEP and ADP : 5 �M NADH , 40 mM KCl , 

2 mM MgC1 2 , and ei ther 1 mM ADP ( for assay of PEP} or  1 mM PEP 

( for assay of ADP ) , 25-250 pl  extract . 

Pyruvate i n  the extract was dete rmi ned by add i tion of 2 �g 

l actate dehydrogenase after whi ch ( 3 -6 mi n }  ei ther PEP or ADP was 

estimated by addi tion of 10 �g pyruvate k i nase { 3-6 ,  5-10 mi n 

respectively} . 
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I n  al l cases the nati ve fl uorescence due to the enzymes 

added was determi ned separately and a l l owance made for th i s  i n  

estimati ng  the concentrations o f  the vari ous metabol i tes i n  the 

parti cul ar extract . Th i s  correction was usual l y  negl i gi b l e  except 

i n  the case of tri osephosphate i somerase/glycerophosphate 

dehydrogenase enzyme mi xture wh i ch often had a greater fl uorescence 

than that caused by the tri ose phosphates i n  the extract. 

The response of  each ass ay system outl i ned above was found to 

be l i near wi th i ncreasi ng amounts of the respecti ve metabol i tes  

over the range used ( Fi gure 2 . 8) . Thus the amounts of parti cul ar 

metabol i tes i n  an extract cou l d  be di rectly determi ned by compari son 

of the fl uorescence change caused by the metabol i te in the extract 

wi th the change caused by a known amount of  that metabol i te added 

i nto the s ame assay mi xture after the fi rs t  reacti on was compl ete .  

2 .  9 ESTIMATI ON OF CELL HATER VOLUME 

I n  order to expres s  the l evel s of metabol i tes found by 

fl uorometry as  concentrations i n  the cel l i t  i s  necessary to have 

a val ue for the vol ume of i n tracel l ul ar water contai ned i n  a known 

wei ght of cel l materi al . Th i s  has been determi ned for a number 

of bacteri al  speci es  us i ng the sol ute di l uti on method ( B l ack and 

Gerhard t ,  196 2 ;  Col l i ns and Thomas , 1974; Cook et !L• 1976 ) .  I n  

th i s  method the i n tracel l ul ar \'later i s  determi ned by the di fference 

between total water  content and extracel l �l ar water content for a 

known wei ght of  cel l materi a l . The total water content i s  determi ned 

gravi metri cal l y  by dryi ng a known wei gh t  of  dense cel l  suspens ion ; 

the extracel l ul ar water i s  determi ned by measuri ng the di l uti on of  a 



37 . 

kno\'m vol ume of  sol uti on of  an i sotop i cal ly  l abel l ed ,  non-permeant 

sol ute . 

U s i ng th i s  method the fol l owi ng cel l water val ues have been 

reported i n  the l i terature : 

Al cal igenes eutrophus  

Aci netobacter cal coaceti cus 

Staphyl ococcus aureus 

Streptococcus l acti s 

Streptococcus l acti s 7962 

Streptococcus faecal i s  

Escheri ch i a  col i 

1 . 4 pl /mg dry wei ght 

1 . 7  pl /mg dry wei ght 

1 . 5  p l /mg dry wei ght  

1 . 6 pl /mg dry wei ght 

1 . 5  pl /mg dry wei ght 

1 . 3  pl /mg dry wei ght 

2 . 4 pl /mg dry we i ght  

Cook et  � ( 1976 ) 

Cook and Fewson 
( 1972 )  

Mi tchel l and Moyl e 
( 1956 ) 

Col l i ns and Thomas 
( 1974 ) 

Kashket and Wi l son 
( 1973)  

Harol d and S pi tz 
( 1975 )  

Al emoharranad and 
Knowl es ( 1974 )  

There i s  a good agreement between the val ues a part from that 

obta i ned for E . col i whi ch i s  si gni fi cantly h i gher. 

Attempts were _ made to estimate the cel l water vol ume of 

P . s hermani i  us i ng 14c-sucrose as  the sol ute . The re ported i nab i l i ty 

of P . s hermani i to grow on s ucrose ( Hetti nga and Re i nbol d ,  1972a)  

was confi rmed.  The experiment was performed on l actate - and 

gl ucose-grown cel l s  wi th extens i ve dupl i cation . H i ghly reproduci bl e 

resu l ts were achi eved but i n  al l cases the val ues ob tai ned for cel l 

water were very c lose  to zero . Shorteni ng the t ime for di ffus ion  

of the sucrose  i nto the access i b l e  water vol ume did  not al ter the 

resu l t .  I t  seems that al though s ucrose was not metabol i sed i t  can 

rapi d ly  penetrate the cel l membrane . 

I n  v i ew of the c l ose agreement between the pub l i shed val ues 



for ce 1 1  water content for other bacteri a i t  was fe l t  that  the 

expense i nvol ved i n  search i ng for some other i sotopi cal l y  

38 . 

l abel l ed non-permeant sol ute was not j us ti fi ed . S i nce an exact 

val ue for ce l l  water vol ume for P . s herman i i  has not been obtai ned 

the metabol i te l evel s found i n  th i s  i nvest igati on have been 

re ported on a cel l dry wei ght basi s .  However i n  order to estimate 

the corres pondi n g  i ntracel l ul ar concentration of a metabol i te 

( for compari son wi th the concentrati ons of substrates and 

effectors produci ng certai n effects on an e nzyme i n  vi tro } a val ue 

of 1 . 6  pl cel l water per mg dry wei ght was taken as  an average of  

the  reported val ues . 



Chapter 3 

GROWTH CHARACTER ISTICS OF PROP ION IBACTER IUM SHERMAN I I  

ON THREE DI FFERENT CARBON SOURCES 



3 . 1 I NTRODUCTION 
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As po i nted out i n  defi ni ng the a ims of thi s i nves tigation ( Section  1 . 3) 

consi derabl e importance was attached to s tudyi ng the metabol i te and enzyme 

l evel s of P . s herman i i  cul tures when grown on d i fferent substrates . I n  

order to ensure that the nature and quanti ty o f  the subs trate suppl i ed was 

known wi th certai nty and to avo i d  poss i bl e  effects due to the presence of 

smal l quanti ti es of carbohydrates , organi c  aci ds etc . i n  compl ex medi a ,  a 

ful ly  defi ned medi um was devel oped for use  i n  th i s  i nvestigation.  

Th i s  chapter descri bes the growth characteri sti cs , formation of end 

products and spec if i c  acti v i ti es of a range of enzymes i nvol ved i n  

carbohydrate metabol i sm i n  P . sherman i i  ATCC 9614 when grown o n  ful ly  defi ned 

medi a conta i n i ng l actate , gl ucose or glycerol a s  the carbon source. 

( Note : lactate , g l ucose and g lycerol are referred to l oosely  as  carbon sources 

throughout thi s work . Th i s  i s  not i ntended to imply tha t they cons ti tute 

the sol e carbon source , s i nce , most  of the carbon i s , of course ,  suppl i ed 

by the ami no aci ds i n  the med i um ) .  

3 . 2  COt1POS ITION O F  THE DEFI NED MED IUM 

The medi um was the same as  that used by de Vri es et !L ( 1973 )  except 

that  the casami no aci ds were repl aced wi th a ful ly  defi ned mi xture of ami no 

aci ds . When l actate was used as the carbon  source a growth rate comparabl e  

to that  o n  a compl ex medi um was obtai ned by supplyi ng only 8 ami no aci ds 

but  the ful l compl ement of 20 ami no aci ds was requi red to obta i n a compar

abl e  growth rate when usi ng g l ucose or  glycerol a s  the carbon source. 

The ful ly  defi ned medi um conta i ned the fol l owi ng per l i tre : 

Mi neral Sal ts :  ( NH4 ) 2so4 , 1 . 5  g ;  KH2P04 , 3g ; Na2HP04 , 2 . 6g ;  

MgS04 . 7H20 ,  0 . 16g ; MnC 1 2 . 4H20 ,  0 . 003g ; Co ( N03 ) 2 , 0 . 01 g ;  
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N i trogen Bases : adeni ne , guan i ne ,  uraci l and xanth i ne ,  a l l 0 . 005g .  

V i tami ns : th i ami ne HCl , 0 . 001g ; p-ami no benzoate , 0 . 0001g ;  

n i coti n i c  acid , 0 . 001g ; ea-pantothenate , 0 . 001 g ;  pyri doxi ne , 0 .002g ; 

b i oti n ,  0 . 0007g ; fl avi n mononucl eoti de , 0 . 001g . 

Ami no Aci ds : l-cys te i ne ,  0 .86g ;  L-hi sti d ine , 0 . 75g ; l-val i ne ,  0 .62g ; 

l-argi n i ne ,  0 .82g ; l-lys i ne ,  0 . 85g ; Dl-aspart ic  aci d ,  1 . 25g ; 

l-tyros i ne ,  0 . 74g ; l-gl utami c aci d ,  3 . 0g and the l- i somers of  

meth i on i ne ,  pro l i ne ,  threoni ne ,  ser i ne ,  al an i ne ,  a sparagi ne , 

g l u tami ne , i sol euc i n e ,  l euci ne , phenyl al ani ne and tryptophan and 

glyci ne , a l l  at 0 . 2g .  

Carbon Source : 

ei ther Na D/l l actate ( 60% syrup }  20g 

or 

or 

gl ycerol 

gl ucose 

4g 

2g 

The rel ati ve amounts of the three carbon sources were based 

on the mol ar growth yi e lds  g i ven by de Vri e s  et !L ( 1973 } and g i ve 

approximately equal  yie l ds Qf cel l  dry wei ght  per l i tre of cul ture . 

3 . 3  GROWTH CONDITI ONS 

P . s hermani i cul tures were grown i n  2 . 5  l i tres of the defi ned 

med i um ,  conta i n i ng the carbon source i ndi cated ,  i n  a 3 l i tre CC 1 500 

fermenter ( l . H .  Engi neeri ng Co . ,  U . K . } .  The fermenter was mai ntai ned 

at 3QOC and kept anaerobi c  by conti nuous s parg ing wi th 95% N2 , 
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5% co
2 gas mi xture wh i l e  sti rri ng at 350 rev/mi n .  Cul tures were 

mai ntai ned at a . pH of 6 . 7  ± 0 . 1  by automati c pH control us i ng 

2 M NaOH . 

The med i um was i nocul ated i n  al l cases wi th 25 cm3 of  a 24-30 h 

broth cul ture grow ing on l actate defi ned medi um. In a l l  cases the 

organ i sm \'Jas subcul tured d i rectl y from a l actate compl ex broth medi um 

to the l actate defi ned medi um used to i nocul ate the fermenter .  

Cul tures were checked regul arly for puri ty both opti cal ly  

by Gram stai n i n g  and  by pl ati ng out  { Secti on 2 . 3 ) .  

Sampl es o f  medi um were taken for measurement o f  opti cal 

dens i ty and then centri fuged to obta i n  a cel l -free supernatant 

wh i ch was stored frozen ( - 15°C )  for l ater s ubstrate and end-product 

analys i s .  

At the end o f  growth the cel l s  were harvested , centri fuged , 

resuspended i n  40 cm3 10 mM Tri ci ne/NaOH buffer ( pH 7 . 5 )  conta i n i ng 

10% g lycerol , recentri fuged and s tored as a frozen pel l et for 

subsequent measurement of  enzyme acti vi ti es . 

3 . 4  GROWTH OF  P . SHERMAN I I  ON THE DEFI NED MEDIUt4 

Typi cal curves for the growth of P . s hermani i  i n  the defi ned 

medi um u s i ng the three s ubstrates l actate , gl ucose and gl ycerol are 

shown i n  F i gure 3 . 4 .  Growth was fastest on the l actate defi ned 

medi um wi th a maxi mum growth rate of JJ = 0 . 125 h-1  ( generati on t ime 

5 . 5  h )  compared to 0 . 069 h- 1  on  gl ucose and an  i n i t i al rate of  

0 . 043 h-1  on  gl ycerol . The growth rate on the l actate defi ned medi um 
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Figure 3.4 

G ROWT H  OF P.SHERMA N/ 1  I N  THE D E F I N E D  M E D I U M  O N  LACTATE, G LUCOSE AND G LYCE R O L  
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was a lmost  i denti cal to that obtai ned on a l actate compl ex broth 

( contai n i ng yeas t extract and casami no ac i ds } . 

Propi onate , acetate and succi nate were the ma i n  products 

found as wel l as occasional trace amounts of pyruvate . The 

re l ati ve proport ions of the fermentation end-products di ffered 

accordi ng to the carbon source (Tab le  3 . 4 } . 

Carbon Source 

Lactate 

Gl ucose 

Glycerol 

Tab l e  3 . 4  

Fermentati on End-Product 

Propi onate 

55% 

43% 

80% 

Acetate 

41% 

38% 

0% 

S ucci nate 

4% 

19% 

20% 

The l og growth curves for cul tures growi ng on l actate and 

gl ucose were norma l l y  l i near over the l og phase of growth and 

growth rates were regul arly reproduci bl e . However when cul tures 

were grown on gl ycerol defi ned medi um wi dely  vary i ng  growth curves 

resu l ted . In  some cases the l og growth curve on glycerol was l i near 

over the early stages of substrate uti l i s ation but i n  al l cases 

became non-l i near wel l before al l the avai l abl e glycero l  was used. 

Th i s  s uggested that the defi ned medi um contai ned an i nadequate 

amount  o f  some es sent i al nutrient for growth on gl ycerol  wh i ch 

became the growth l imi t i ng  factor. Two other observations s upported 

th i s  concl us i o n .  F i rs tly ,  whi l e  P . sherman i i coul d b e  s ubcul tured 
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on the l actate defi ned medi um i ndefi n i te ly ,  s ubcul tures on glycerol 

fail ed to grow after one trans fer  away from the l actate compl ex 

medi um. Secondly ,  attempts to obta i n  a conti nuous cul ture of 

P . s herman i i  on glycerol defined medi a resul ted i n  wash-outs of 

the cul ture when sh i fting  from the batch phase of growth i nto the 

cont i nuous phase , even at l ow di l ut ion rates . 

On refl ect i on i t  was real i sed that the growth l i mi t ing  nutri ent 

was most l i kely to be acetate whi ch i s  an end-product of growth on 

l actate and gl ucose but not of growth on gl ycerol ( see Table  3 . 4) . 

Addi ti on of acetate ( 2  g/ 1 ) to the defi ned medi um d i d  i ndeed enabl e 

l i near grm'lth curves (as  shown by dotted l i ne i n  F i gure 3 . 4 )  and 

conti nuous cul ture steady-states  ( Secti on "S. l. 3)to be ach i eved on 

glycerol . 

Thi s requi rement fo r acetate on the g lycerol defi ned medi um had 

been mas ked i n  earl i er studi es by the use of l actate broth cul tures  

to i nocul ate al l cul tures of P . sherman i i i ncl udi ng those on  glycerol 

defi ned medi um.  These i nocul a contai ned s uffi ci ent acetate to 

al l ow an i ni ti al h i gh growth rate of  P . shermani i  on  the glycerol 

defi ned medium but l ead to the wi de vari ab i l i ty i n  s ubsequent 

growth rate s .  

A t  a l a ter  s tage of  the research programme i t  was noted that 

cul tures growi ng on glycerol or gl ucose defi ned medi a were very 

sens i ti ve to i nh i bi tion by traces of oxygen . Acco rdi ngly the 

N2/C02 gas stream was passed through a heated copper co i l  to remove 

the l as t  traces of oxygen .  Th i s  resul ted i n  i mproved growth rate� 



on glycerol and gl ucose medi a  comparabl e to those obtai ned on 

l a ctate medi a ( see Tabl e 5 . 3 . 2 . 2 ) .  

3 . 5  ENZYME LEVELS I N  BATCH CULTURES O F  P . SHERMAN I I  

45 . 

Frozen pel l ets of the cel l s  grown on the three carbon sources 

( l actate , gl ucose and glycerol ) were thawed ,  resuspended i n  10 mM 

Tri ci ne/NaOH buffer { pH 7 . 5 )  contai n i ng 10% glycerol to make a 

th i ck s l urry and d i s rupted by two passages through a French pressure 

cel l ( 38000 kN/m2 } .  The resul tant suspen s i on was centri fuged at 

27000 g for 15 mi n at 4°C and the s upernatant further centri fuged 

at 225000 gmax to remove fi ne parti cul ate matter wi th a h i gh 

NADH-oxi dase acti vi ty. 

The supernatant was kept at 4°C and as sayed for the enzyme 

acti vi ti es accordi ng to the procedures des cri bed i n  Section 2 . 7 .  

The re sul ts o f  these a s s ays are s hown i n  Tab l e  3 . 5 .  

A range of enzymes known to catal yse  reactions of glycolys i s ,  

gl uconeogenes i s  and the pentose phos phate pathway ( Section  1 . 2 )  

were as s ayed . Al l enzymes determi ned were found to be consti tuti ve 

at  l east on the three carbon sources used and only rel ati vely 

smal l d i fferences in s peci fi c acti vi ti es between cul tures  grown 

on the di fferent carbon sources were found . The most  s i gn i fi cant 

di fferences were i nduced by growth on gl ycero l . Glycerol- grown cel l s  

had an i ncreased l evel of pyruvate k i n ase and PEP-carboxytrans

phosphoryl ase and l ower l evel s  of  pyruvate , orthophos phate d i k i nase , 

hexoki n ase and a l dol ase compared to cel l s  from gl ucose- and l actate -

contai n i ng medi a .  The only other d i fference of pos s i bl e  s i gni fi cance 

i s  the much l ower l evel of G6P dehydrogenase on  l actate-grown cel l s  



Tabl e 3 . 5  Enzyme l evel s i n  batch cul tures o f  P . s hermani i . a , b 

Enzyme 

Pyruvate k i nase 

Pyruvate , o rthophosphate di ki nase 

PEP : carboxytransphosphoryl ase 

Hexoki nase 

PPi -dependent phosphofructoki nase 
( a )  FBP formation 

(b)  F6P formati on 

Al do la se 

G6P-dehydrogenase 

6-Phosphogl uconate dehydrogenase 

Mal ate dehydrogenase 

Lactate 

0 . 34 + 0 . 05 

0 . 078 + 0 . 023  

0 . 081 + 0 . 013  

0. 041  + 0 . 004 

0 . 093  + 0 . 031  

0 . 069 + 0 . 01 7  

0 . 084 + 0 . 025 

0 . 0037 + 0 . 0015  

0 . 065 + 0 . 0 1 1  

64 + 1 1 

Carbon Source 

Gl ucose 

0 . 33 + 0 . 02 

0 . 078 + 0 . 0 14 

0 . 100 + 0 . 014 

0 . 058 + 0 . 013  

0 . 053 + 0 . 010 

0 . 058 + 0 . 017  

0 . 1 19 + 0 . 040 

0 . 028 + 0 . 010 

0 . 074 + 0 . 007 

61 + 16 

Gl ycerol c 

o .  72 + 0 . 09 

0 . 022 + 0 . 001 

0 . 205 + 0 . 025 

0 . 012 + 0 . 005 

0 . 069 + 0 . 032 

0 . 050 + 0 . 009 

0 . 042 + 0 . 014 

0 . 02 1  + 0 . 0 16 

0 . 080 + 0 . 026 

50 + 28 

a Enzyme act i vi ty i s  expressed as uni ts/mg and val ues are the mean from at l east  three 
separate determi nati ons � standard error .  

b Prote i n  concentrati on was esti mated by the method of  Bradford ( 1976) . 
c Glycero l  cul ture s  were grown on the defi ned medi um ( Secti on 3 . 3 ) wi thout any acetate added . 

� C'\ . 



than on gl ycerol - or gl ucose-grown cel l s .  

3 . 6  DISCUSS ION 

47 .  

A ful ly defi ned medi um has  been descri bed wh i ch was abl e  to 

s upport good growth of P . shermani i on the three s ubstrates l a ctate , 

gl ucose and gl ycerol . The end-products propionate , acetate and 

succ i nate were produced in varying proportions i n  the three 

fermentati ons i nd icati ng di fferences i n  the acti vi ty of parti cul ar  

metabol i c  pathways di scus sed i n  the i ntroducti on { Section 1 . 2 ) . 

Spec ifi c acti vi ti es of a number of  enzymes , re presentati ve of 

these pathways , meas ured in  batch cul tures di d not change greatly 

on the di fferent substrates ( Tabl e 3 . 5 } . Thi s s uggests that al terati on 

i n  enzyme l eve l s  i s  unl i kely to be the major factor control l i ng 

metabo l i c  fl ow through these pathways and that al l osteri c modul ati on 

o f  the acti vi ty of key enzymes at branch poi nts i s  probably of 

greater i mportance . 

As was d i s cussed i n  the i ntroducti on { Section 1 . 2 }  the most 

probabl e  s i te of  regul ati on of the oppos i ng pathways of  glycolys i s  

and gl uconeogenes i s  i s  at the PEP to pyruvate step.  He re the 

g lyco lyti c reacti on i s  catalysed by pyruvate k i nase wh i l e  the 

revers i bl e  reaction catalysed by the enzyme pyruvate , orthoph�sphate 

di k i nase functi ons i n  the di recti on of gl uconeogenes i s .  From the 

data i n  Tabl e 3 ; 5  i t  can be seen that al though the l evel s of these 

enzymes do change wi th the di fferent growth s ubstrates the pyruvate 

ki nase was present at cons i derably  h i gher s peci fi c  acti vi ty on al l 

three substrates than the pyruvate , orthophosphate di k i nase .  C learly 
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the pyruvate k i nase must be regul ated i n  vi vo to al l ow gl uconeogenes i s  

to occur when growi ng on l actate . 

Th i s  prompted a thorough study of the pyruvate k i nase wh i ch i s  

descri bed i n  the fol l owi ng chapter . 



Chapter 4 

PYRUVATE KINASE 



4 . 1 I NTRODUCT I ON 

49 . 

The ch ief  functi on of pyruvate ki nase ( E . C .  2 . 7 . 1 . 40 )  i n  vi vo i s  

the transfer of the phosphoryl group from phosphoenol pyruvate to a 

nucl eoti de acceptor ( I ) .  

PEP + ADP �1 ++ K+ 
•· 9 ' • Pyruvate + ATP ( I )  

Pyruvate k i nase has been wel l establ i s hed as a key regul atory 

enzyme i n  gl ycolys i s ,  catal ys i ng a vi rtual ly i rrevers i bl e  reacti on ,  thus 

mai nta i n i ng the metabo l i c  fl ux in one di recti on . ( Seubert and Schoner ,  

197 1 ) .  A s  di scus sed i n  Sect ion 1 . 1 ,  i n  t i s sues capabl e of  gl uconeogenes i s  

severa l  di fferent reaction pathways exi s t  to bypass thi s  i rrevers i bl e  

step of gl yco lys i s .  The convers i on of pyruvate to PEP i s  usual ly  

accompl i shed by the two enzymes pyruvate carboxyl ase and PEP-

carboxyki nase vi a the i ntermedi ate oxal oaceti c  aci d .  In  Acetobacter 

xyl i num , Acetobacter acetti i ,  P . shermani i and the C4 pl ants { Wood 

et �. 1977)  the enzyme pyruvate , orthophosphate di k i nase functi ons 

in the di rection  of PEP formati on . An enzyme very s imi l ar to the 

di ki nase , PEP-synthetase , was found i n  E . col i by Cooper and Kornberg 

( 1965 ) . 

I t  can be seen that pyruvate ki nase i s  i deal ly  s i tuated to pl ay 

a major ro l e  i n  regul ati ng the di rection of fl ux of metabol i sm ,  

dependi ng o n  the needs of  the ti s s ues or cel l s .  I t  i s  not surpri s i ng 

then , that pyruvate ki nases from di fferent sources have been found to 

be subject to a l arge range of di fferent control s .  

4 . 1 . 1  Mammal i an Pyruvate Ki nases 

In mammal i an t i ssues and organs severa l  el ectrophoreti cal l y  and 
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immunol ogi cal l y  di sti ngu i shab l e  i so-enzymi c spec ies  wi th d i s ti nct 

k i neti c propert ies  have been descri bed . There are three bas i c  

types of non- i nterconverti bl e  pyruvate ki nase i soenzymes des i gnated 

L ,  M and K (or  M2 or A ) . Type L i s  the major s pecies present i n  

l i ver , type M the major i soenzyme i n  muscl e ,  bra i n ,  heart and 

l eucocytes , and type K the ma i n  form i n  k i dney cortex cel l s ,  

regenerati ng l i ver ,  and bone marrow ( I bsen and Tri ppet , 197 3 ;  

I bsen , 1977 ) . 

The L ,  M and K type i soenzymes possess di fferent k i net ic  and 

regul atory propert ies al though the d i s t i nctions are not cl ear cut . 

General l y  the type L and type K pyruvate k i nase i soenzymes are typi cal 

regul atory enzymes showi ng a s i gmo idal response to the substrate , PEP ,  

and the monoval ent cati on , K+ . These i soenzymes are frequently 

i nh i b i ted by ami no aci ds ( parti cul arly al an i ne and phenyl al ani ne )  and 

ATP and are strongly acti vated by FBP which abol i s hes the s i gmo i d i c i ty 

of the K+ and PEP saturat ion curves . The type M1 i soenzyme typi ca l l y  

shows a n  hyperbol i c  dependence on PEP concentrati on and was assumed 

not to possess  regul a tory propert ies . However recent evi dence suggests 

there may be s i tuati ons where thi s  form of pyruvate k i nase departs 

from Mi chael i s -Menten type k i neti cs ( I rvi ng and Wi l l i ams , 1973;  

A insworth and MacFarl ane , 1973 ;  Phi l l i ps and Ai nsworth , 1977 ; 

I b sen and Tri ppet , 1973 ) . 

4 . 1 . 2  Bacteri al Pyruvate Ki nases 

The amph i bol i c  pathways of glycolys i s  and gl uconeogenes i s  ful fi l 

both b i osyntheti c and energy-generati ng functi ons i n  bacteri a .  To 
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ensure a correct ,  co-ordi nated fl ow o f  carbon ske letons i nto the 

bi osyntheti c channel s and energy generating pathways , bacteri a  have 

evol ved control  mechani sms wh i ch are un ique to the enzymes of  

carbohydrate metabo l i sm ( Sanwal , 1970) . 

Thus i t  i s  not surpri s i n g  that a key regul atory enzyme s uch as 

pyruvate k i n ase has been found to have di fferi ng properti es , when 

i sol ated from di fferent bacteri a ,  i n  ways whi ch appear to be re l ated 

to i ts phys io l ogi cal rol e  i n  regul ati ng carbohydrate metabol i sm.  

Pyruvate ki nases from a l arge number  of  bacteri a have been puri fi ed 

and studi ed and whi l e  they s how great di vers i ty i n  the i r i ndi vi dual 

control mechani sms there does appear to be an overa l l patte rn 

appl i cabl e  to the regul ation of pyruvate k i nases i n  bacteri a .  A 

ful l er descri pti on of the ro l e  of  pyruvate k i nases i n  bacte ri al 

metabol i sm i s  presented i n  Sect ion 1 . 1 . 1 . 

Most bacteri al  pyruvate k inases are typi cal regul atory enzymes 

showi ng  co-operati ve s ubstrate k i neti cs and be i ng s ubject to control 

by al l os teri c effectors . 

Al l of the enzymes s tudied requi re Mg++ for acti vi ty and some 

al so requ ire a monoval ent cati on , usual ly  K+ . A wi de range o f  compounds 

have been reported to effect the acti v i ty of  vario us bacteri al  pyruvate 

k i nases g i vi ng a greater di vers i ty of  control mechani sms than i n  

mammal i an systems . 

General l y  bacteri al  pyruvate ki nases are acti vated by two cl asses 

of compounds ,  phosphoryl ated sugars and nucl eoti de monophosphate s .  

The phosphoryl ated s ugars provi de a ' feed-forward ' acti vati on for the 

catabol i c  pathway of wh i ch they are a precursor or an i ntermedi ate , 

wh i l e  the n ucl eoti de monophosphate acti vation rel ates the acti vi ty 
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of the pyruvate k i nase to the energy s tatus of the cel l .  

The catabo l i c  pathways from d i fferent carbohydrate s ubs trates 

to pyruvate are much more d i verse i n  bacteri a  than i n  mammal s 

where the glycolyti c pathway i s  of paramount importance . FBP as  

the 
'
feed-forward ' acti vator of pyruvate k i nase i n  mammal s is  not 

found so i nvari abl y  i n  bacteri a . FBP i s  often s uppl emented or  i n  

some cases repl aced by one or a number of  other s ugar phosphates as 

the 'feed-forward' acti vator of bacter ia l  pyruvate k i nases . 

As poi nted out by Schedel  et !l ( 1975)  the i nh i bi tors of  bacteri al 

pyruvate k i nases fal l  i nto three mai n  groups : nucl eoti de tri phosphates . 

i norgan i c phosphate and tri carboxyl i c  aci d  cycl e  i ntermedi ates . 

ATP ( or  GTP )  i s  a very common i n hi bi tor  of  bacteri a l  pyruvate 

ki nases , as i t  i s  of the mammal i an enzyme , and l i ke AMP acti vati on 

rel a tes  the control of the enzyme to the energy s tatus of the cel l .  

Thus under cond i t i ons of h i gh energy charge ( ATP concentration h i gh 

rel ati ve to AMP concentrati on ) pyruvate k i nase acti vi ty i s  i nh i bi ted 

�s i s  the �atabo l i c  pathway of whi ch i t  i s  a part , and the b iosyntheti c 

pathways are thus correspondi ngly promoted . 

I nh i b i t ion  of pyruvate ki nase by tri carboxyl i c  aci d cycl e  i nter

medi ates i s  often found i n  those bacteri a whi ch grow preferenti a l ly  

on d i carboxyl i c  aci ds as the carbon source ( e . g .  Rhodopseudomonas 

s pp . ) .  I t  may a l s o  be i mportant i n  adj us ti ng the acti v i ty of  the 

enzyme to the demands on tri carboxyl i c  aci d  i ntermedi ates as 

bi osyntheti c p recursors . 

P i i s  j us t  as w idespread and as potent an i nh i b i tor  of bacteri a l  

pyruvate k i nases a s  i s  ATP . However the way i n  whi ch i t  fi ts i nto the 



Tab l e  4 . 1 . 2 Summary of k i neti c prope r t i es of some ba cteri al pyruvate k i nases . 

Spe c i e s  and Reference 

A l c a l igenes eutrophus H 16 
W i l ke and Schl egel ( 19 7 5 )  

E s cher i ch i a  col i Type I enzyme 
Haygood anrl Sanwal ( 1974)  
Waygood e t  � ( 1 976 )  

Escheri chi a col i Type I I  enzyme 
Waygood � !L  ( 1975)  
Maeba a n d  Sanwal ( 1969 ) 

S treptococcus l ac t i s 
Crow and Pri tchard ( 19 7 6 )  
Col l f n s  and Thomas ( 1 9 7 4 )  
Thomas ( 1976 )  

Pseudomonas c f tronel l o l i s  
Chuang and Utter ( 1979 ) 

Thermus thermoph i l us 
Yosh i za k f  and Imahor f  ( 1979)  

Rhodopseudomona s  sphaeroi des 
Schede l e t  !L ( 19 7 5 )  

C a t i on Requ i rement 

Requ i res Mg++ ( �  0 . 85 ml�) 
b u t  no t K+ or Na+ 

Re q u i  res l�g++ and K+ 
( Km 1 . 8mM )  

Requ i res Mg++ b u t  not K+ 

Requ i res Mg++ and K+ 

Requi res Mg++ ( Km 6mM) 
but no t K+ 

Requ i res �1g++ but not 
K+ 

Requi res Mg++( Km 3mM) 
but no t K+ 

S ubstrate K i n e t i c s  

Km for P E P  0 . 12mM ,  n 1 1  0 . 96 .  
Km for flOP 0 . 1 4 5mM 

S i gmo i dal re s ponse to PEP 
( nH 3 . 0 ) . GDP bes t pho s phate 
acceptor ( Km 0 . 05mM) 

S i gmo i da l  response to both 
PEP and ADP at l ow s ubs t ra te 
l e ve l s  

Si gmoi da l  response t o  P E P  and 
ADP (at l ow P E P )  

S i gmo i da l  response to PEP 
( nH 2 . 3 )  

Si gmoi dal  response t o  PEP 
and ADP. P EPo . 5V •  2 , 1ml� ; 
ADP0 , 5 y ,  1 . 4mH 

S i gmoi dal response to PEP 
dependent on pit , Hyperbol i c  
res ponse to ADP ( Km 0 . 12mM) 

Effecto rs and Comments 

Acti vated by ri bose 5-P , G6P and AI-1P .  I n h i b i ted by 
ATP and Pi . P; i nh i b i t i on rel i e ved by activ ators . 

Acti vated by FBP whi ch a bol i s hes coopera t i vi ty o f  
PEP b i ndi n g .  I n h i b i ted b y  s ucci nyl CoA a n d  GTP .  

Acti vated hy a w i de range o f  compounds , notably 
AMP , GMP , r i bose 5-P,  G6P b u t  not FBP . I nh i b i ted 
by succi nyl CoA , ATP and P i • ATP and P i 
i n h i bi ti on overcome by a c t i vators . 

Ac t i vated by FBP wh i ch abol i shes coopera t i vi ty o f  
P E P  b i nd i n g ,  I n h i b i ted by ATP , Pi • A l s o  a c t i va ted 
by a further 20 compound s  from the g l yco l yt i c  and 
taga tose 6 - phos phate pa thways . 

Acti vated by r i bose 5 - P ,  F6P , KDPG , AMP and others . 
Act i va tors abol i s h  coopera ti vi ty o f  PEP bi nd i n g ,  
Synergi s ti c a c t i va t i on b y  KDPG and ri bose 5-P ( or 
F6P) , I nh i b i ted by GTP and ATP , · rel i eved by KDPG. 

Act i vated by a number of phosphoryl a ted carbon 
compounds , especi a l l y G6P and F6 P wh i ch both abol 
i sh coopera t i vi ty o f  PEP b i n d i n g ,  I nh i b i ted by 
ATP , Pi • g lycerate 3-P and gl ycera te 2 - P .  

Acti vated by AMP ,  G6P and ri bose 5-P wh i ch abo l i sh 
coopera t i v i ty o f  PEP bi nd i n g .  I nh i b i ted by ATP , 
Pi , succi n a te , fumarate , ci trate and ma l ate . 

U'1 
w . 
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regu l atory mechan i sms of these bacteri a i s  not c l ear .  

Tabl e 4 . 1 . 2  summari ses the major k i neti c and regul atory propert ies  

of a number of bacteri al pyruvate k i nases reported in  the l i terature 

wh i l e  the i r  relevance i n  vi vo has been more ful l y  di scus sed i n  

Secti on 1 . 1 . 1 .  

4 . 1 . 3  P . sherman i i  Pyruvate Ki nase 

At the t ime of thi s  i nvesti gation no deta i l ed study had been 

carri ed out on the pyruvate k i nase of P . s hermani i al though the enzyme 

had been reported to be present i n  crude extracts of the bacterium 

at a l evel suffi c i ent to account for the known rates of gl ycolys i s  

( Hood et �. 197 7 ;  Al l en et �. 1964) . 

4 . 2  

4 . 2 . 1  

PYRUVATE KINASE PURI F ICAT ION 

Grm1th and Harvest of Propioni bacteri urn sherman i  i 

P . shermani i was grown at  30°C i n  the compl ex medi um descri bed 

i n  Section 2 . 3  us i ng 4 g of glycerol  per l i tre of medi um as the 

fermentabl e carbon source ( i n pl ace of l actate ) .  P . s hermani i  cel l s  

grown on thi s substrate had been found to have h i gher l evel s of 

pyruvate ki nase than those grown on l actate or gl ucose ( Section  3 . 5 ) . 

Cu l tures were grown i n  a 50 1 New Brunswick fermenter conta i n i ng 

20 1 of medi um, at 30oc and wi th spargi ng by a 95% N2 , 5% co2 gas 

mi xture to ma i ntai n anaerobi c condi ti ons . The pH was hel d between 

pH 6 . 0  and 6 . 5  by period ic  addi tion of 2 . 5  M NaOH dur ing growth .  

The cul ture was i nocul ated wi th 1 1 o f  a rapi d ly  growi ng broth 

cul ture i n  the same med i um.  The cel l s  were harvested i n  the l ate 
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l ogari thmi c phase of  growth i . e .  after about 20  h growth , where the 

pyruvate k i nase acti v i ty was hi ghest .  Cel l s  were sedi mented by 

centri fugation at 10000 g for 10 mi n at 4°C and washed twi ce i n  

1 0  mM Tri ci ne/NaOH buffer { pH 7 . 5 )  conta i n i ng 10% gl ycerol . The washed 

cel l s  were stored frozen at -20°C unti l requ i red for pyruvate 

ki nase puri fi cation .  

F i gure 4 . 2 . 1  shaHs the growth curve for a typ i cal  cul ture in  

the fermenter i ndi cati ng how the s peci fi c act i vi ty of pyruvate 

k i nase changes duri ng growth . 

4 . 2 . 2  Breakage of Cel l s  and Preparati on of Ce l l -Free Extract 

Cel l s  were thawed and suspended i n  10 mM Tri ci ne/NaOH buffer 

{ pH 7 . 5 )  + 20% glycerol to make a thi ck s l urry ( 40 g frozen cel l s  

made up  to a sl urry of 70 cm3) ,  and di srupted by two passages 

through an Ami nco French pressure cel l at 38000 kN/m2 • The suspensi on 

was made up to twi ce i ts vol ume wi th 10 mM Tri c i ne/NaOH buffer 

{ pH 7 . 5 )  + 20% glycerol and 0 . 5  mg deoxyri bonucl ease I added to 

every 40 cm3 of suspens i on .  After standi ng 1 h the unbroken cel l s  

and cel l debri s were removed by centri fugati on at 27000 g for 1 h 

at 40C . The resu l t i ng pel l et was packed i nto a Hughes press and 

cool ed to -2soc before bei ng ·d i s rupted for a second t ime . A second 

breakage of the cel l s  in a Hughes press at l ea st  doubl ed the yiel d 

of cel l prote in  compared to that obtai ned by breakage i n  the French 

press  al one . 

The broken cel l s  from the Hughes press were made i nto a thi n  

s l urry wi th 10 mM Tri ci ne/NaOH buffer  ( pH 7 . 5 ) + 20% glycerol and 

treated wi th deoxyri bonucl ease as  for the French press  breakage . 



>= 
c 
0 � Ill 
> 
.... 
v; 
2 
<.U 
Cl 
....1 
< 
u 
i= c.. 
0 

56 . 

Figure 4.2.1 

SPECI F I C  ACT I V I TY O F  PYR UVATE K I NASE D U R I N G  G R OWTH OF P.SHERMAN/1 
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The figure shows the growth of P. shermanii on the complex medium as described in 
Section 4.2. 1 .  The specific activity of pyruvate kinase during growth (determined on 
culture samples taken at regular intervals) is shown as justification for the harvesting 
time used for the preparation of this enzyme. 

o; 
_§ � 
c 

2 

> 
.... 
> 
.... 
u 
< 

� 
u.. 
u 
<.U 
c.. 
Cl) 
<.U 
Cl) < 2 
� 
<.U 
.... 
< 
> 
::> 
CI: 
> 
c.. 



After centri fugat ion ( 2 7000 g for 1 h at  4°C }  th i s  supernatant 

was added to the supernatant from the French press  and centri fuged 

aga i n  at 370000 x gmax for 2 h i n  a 60 Ti ul tracentri fuge rotor  

57 .  

to g i ve a cel l -free s upernatant.  Ul tracentri fugation Ha s necessary 

for removal of fi ne particul ate matter \'l i th a h i gh NADH ox i dase 

acti v i ty .  

4 . 2 . 3  Streptomyci n  Sulphate Trea tment . 

The DNase treatment fol l owi ng cel l breakage only parti al ly  degrades 

the DNA , reduci ng the vi scos i ty so that c l ean separation of 

parti cul ate matter from the homogenate can be obta i ned on centri fugation . 

Polynucl eoti des were preci pi tated from the cel l -free extract by 

dropwi se  addi tion of s treptomyci n  sul phate us i ng 2 . 0 cm3 of  a 10% 

(w/v )  sol uti on for every 100 mg of protei n .  The resul t i ng suspens i on 

was al l owed to s tand for 1 h before the preci pi tate was removed 

by centri fugation at 2 7000 g for 15 mi n .  Th i s  and al l s ub sequent 

steps were carri ed out at 4oc .  

4 . 2 . 4  Ammoni um Sulphate Precipi tation 

The supernatant  after streptomyc i n  sul phate treatment was d ia lysed 

agai n st  10 mM Tri s/HCl buffer ( pH 7 . 5 } + 10% g lycero l  for 2 h .  

Powdered ammoni um s ul phate was then added s l owly to bri ng the sol ution 

to 40% saturation . The resul ti ng suspens i on was al l owed to stand 

for 30 mi n before the preci p i tate was removed by centri fugat ion 

at  27000 g for 15  mi n .  The concentrat ion of ammon i um sul phate i n  

the supernatant was then i ncreased to 60% saturation . After s tandi ng 

for 1 h the preci p i tate was col l ected by centri fugation at 27000 g 

for 15 mi n ,  redi sso l ved i n  10  mM Tri s/HCl buffer ( pH 7 . 5 )  + 10% 

glycerol and d i alysed for 2 h agai n st  the same buffer.  



4 . 2 . 5  DEAE- Sephadex Ion Exchange Chroma tography 

58. 

The d i a lysed sampl e  from the ammoni um sul phate fracti onati on 

( wi th a conduct i v i ty of  l ess  than 5 mmho ) was appl i ed to a DEAE -

Sephadex A-25 col umn ( 20 cm x 4 . 5  cm) equi l i brated i n  10 mM 

Tr i s/HCl buffer ( pH 7 . 5 ) + 0 . 1  M KCl + 20% glycerol , and wa shed wi th 

100 cm3 of the equ i l i bration buffer. A cons iderabl e amount of 

prote i n  a s  mon i tored by absorbance at 280 nm, was washed d i rectly  

through the co l umn by thi s  procedure , but  wa s compl etely free of  any 

pyruvate k i nase acti v i ty .  The pyruvate ki nase wa s subsequently el uted 

wi th a sa l t gradi ent of 0 . 1 M KCl to 0 .4 M KCl ( 1 1  x 1 1 ) i n  the 

buffer ( 10 mM Tri s/HC l ( pH 7 . 5 )  + 20% gl ycerol ) at a fl ow rate of 

1 . 5  cm3/mi n .  F i gure 4 . 2 . 5  shows the pyruvate k i nase el ution from 

a typi ca l  DEAE-Sephadex ion  exchange puri f icati on . Al l fracti ons 

( 10 cm3 each)  conta i n i ng pyruvate kinase at a speci fi c acti v i ty 

greater than 3 . 0  uni ts/mg were pool ed and concentrated by ul trafi l 

trati on us i ng a D i afl o membrane XM-50 (M i l l i pore Corporati on ,  U . S . A. ) .  

4 . 2 . 6 Ge l F i l trati on on Sephacryl S200 

The concentrated sampl e from the DEAE- Sephadex puri fi cation was 

preci p i tated by add i t ion of sol i d  ammoni um sul phate to 70% saturation .  

After s tandi ng for 1 h the preci pi tate was col l ected by centri fugation 

at  27000 g for 30 mi n ,  then redissol ved i n  a mi n imum vol ume ( l es s  than 

3 cm3 ) of 10 mM Tri ci ne/NaOH buffer ( pH 7 . 5 ) + 20% g lycerol + 0 . 2  M KCl . 

Thi s was then appl i ed to the top of ·a Sephacryl S200 gel fi l trati on 

col umn ( 90 cm x 2 . 5  cm) equ i l i brated i n  the same buffer.  The col umn 

was devel oped i n  th i s  buffer at a fl ow rate of 6 . 0  cm3 per hour ,  

co l l ecti ng 3 . 0  cm3 fractions . Pyruvate ki nase el uti on from a 

typica l  gel f i l tration pur ifi cati on on Sephacryl S200 i s  shown i n  



> 
t-

> 
t
u 
< 

� 
u. 
u 
w 
a.. 
"' 
w 
"' 
< 
2 
� 

w 
t
< 
> 
=> 
a: 
> 
a.. 

8.0 

6.0 

4.0 

2.0 

Figure 4.2.5 

DEAE-SEP.HADEX I O N  EXCHANG E C H ROMATOGR APHY 
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F RACTI O N  N U M B E R  

o Protein • Pyruvate kinase activity 

Column Conditions : Column resin size- 20 cm x 4.5 cm. 

Equilibration of resin- i n  0.01 M Tris/HC I buffer (pH 7.5 + 20% 

glycerol + 0. 1 M KC I .  Sample applied- protein, 265 mg; pyruvate 

kinase activity, 0.83 units/mg; volume, 35 cm3; sample dialysed 

against equi l ibration buffer. Gradient- after sample applied to 

column the equi l ibration buffer was used to elute the column 

before gradient was started. The gradient consisted of : in itial 
buffer, 1 Q equil ibration ::,uffer ; final buffer, 1 � 0.01 M Tris/HC I 

buffer (pH 7.5) + 20% glycerol + 0.4 M KC I .  Fraction size-

1 0 cm3/fraction. 
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Figure 4.2.6 

SEPHAC R Y L  S 200 G E L  F I LTRATION 
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F RACTI O N  N U M B E R  

o Protein • Pyruvate kinase activity 

Column Conditions : Column resin size- 90 cm x 2.5 cm. 
Equtlibration of resin- in 0.01 M Tricine/NaOH buffer (pH 7.5) + 20% 
glycerol + 0.2 M KC I .  Sample applied- protein, 1 2.4 mg; pyruvate 
kinase activity, 4.2 units/mg; volume, 3.0 cm3. Elution- sample 
eluted with the equ i l ibration buffer at a flow rate of 6 cm3/h. 
Fraction size- 2.8 cm3/fraction. 
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F i gure 4 . 2 . 6 .  The fract i ons  conta in i ng pyruvate k inase at  a speci fi c 

act i v i ty greater than 30 un i ts/mg were poo l ed and d ia lysed aga i ns t  

1 0  mM Tr i ci ne/NaOH buffer ( pH 7 . 5 )  conta i n i ng 20% glycerol for 

2 h wi th  two changes of buffer,  before bei ng stored frozen at -20°C 

i n  2 . 0  cm3 al iquots . 

The resul t  of the above puri fi cati on procedure ( Sections 

4 . 2 . 1  to 4 . 2 .6 )  i s  summari sed in Tab l e  4 . 2  for a typi ca l puri fi cati on 

of pyruvate ki nase from 40 g of  wet , packed we i ght  of glycerol 

grown P . sherman i i ce l l s .  The enzyme wa s puri fi ed overal l by 140 

fol d  wi th a recovery of 9% .  

Exam i nation of the parti a l l y  puri fi ed preparati on by polyacryl 

ami de gel el ectrophores i s  ( Dav i s ,  1964) s howed , i n  addi tion to 

the mai n  pyruvate k i nase band ( i denti fi ed by a s peci fi c acti vi ty 

s ta i n ,  Crow ( 1975 ) } , the presence of  one major contami nat i ng protei n  

band and several mi nor bands . However the preparation was free 

from any detectabl e fructose bi sphosphatase , pyrophos pha te-dependent 

phosphofructoki nase , pyruvate , orthophosphate di k i na se ,  PEP : carboxy

transphosphoryl ase , G6P dehydrogenase , G6P i somerase , NADH oxi dase 

and adenyl ate ki nase as assayed by the methods descri bed i n  Sect i on 2 . 7 .  

4 . 2 . 7  D i s cuss ion  o f  the Puri fi cat i on Scheme 

A con s i derabl e period of time was spent on the devel opment of  

thi s puri fi cation scheme so  some of  the prob l ems encountered duri ng 

thi s phase of the i nvesti gati on are descri bed br iefly below .  

The preparation of crude extract and the s treptomyci n  s u l phate 

prec i pi tati on of nucl e i c  aci ds were s tra i ghtforward s tep s .  The 

procedure descri bed gave rel i abl e and repeatab l e  resul ts . 



Tabl e 4 . 2  Puri fi cati on o f  pyruvate ki nase from 40g wet packed we i ght o f  P . shermani i cel l s . 

Total Total Speci fi c Puri fi cat ion Percentage Puri fi cati on s tep Acti vi ty Protei n Acti vi ty 
( uni ts )  (mg )  ( uni ts/mg ) Factor Recovery 

Cel l free extract 340 970 0 . 35 1 . 00 100 

Streptomyci n  s ul phate supernatant 300 808 0 . 37 1 . 06 90 after di a lys i s  

40-60% ammoni um s ul phate fraction 220 265 0 . 83 2 . 38 65 
after d i alys i s  

OEAE Sephadex concentrated h i gh 52 12 . 4  4 . 20 12 15 speci fi c acti v i ty fracti ons 

Sephacryl S-200 pool ed h i gh speci fi c 30 0 . 62 49 . 20 140 9 acti vi ty fract i ons - after di al ys i s  

# 

� N . 
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Ammon i um su l phate fracti onation was al so achi eved wi thout 

probl ems , al though recoveries at thi s  s tep vari ed from 70% to 100% 

i n  di fferent pre parati ons . However as  the puri fi cation obta ined 

at th i s  s tage was only of the order of 2 fol d  the pos si b i l i ty of 

repl ac ing it  by the use of the \':ater-sol ubl e non-ion i c  po lymer 

pol yethyl ene gl ycol 6000 ( PEG) was i nvesti gated . Hh i l e  puri f ication 

factors of 4-5 fo l d  coul d be achi eved by tak ing  an 18% to 28% PEG 

fracti on the advantages of th i s  were countered by the l ength of time 

requ i red to preci pi tate the pyruvate k i nase from the 28% PEG sol ution 

( up  to 2 days ) and recoveri es of only 50% to 70% . 

Various ion exchange chromatography procedures  were exami ned 

before the scheme outl i ned in Section 4 . 2 . 5  wa s deci ded upon . 

I n i ti al s tudies were centred around the ce l l ul ose - based ion 

exchangers produced by Hhatman . Both an anion exchanger , DEAE

cel l ul o se ( DE-23 ) , and a cation exchanger ,  CM-cel l ul o se ( CM-23 ) , were 

i nves t i gated . The pyruvate ki nase bound compl etel y to DE-23 at 

pH 7 . 5  but on ly  l ow recoveries  were obtai ned on el ut ion by sal t 

grad ients . Attempts were made to s tabi l i se the enzyme on the col umn 

wi th 20% gl ycerol ( see Section 4 . 3 . 4 ) , ho\'lever total recoveri es 

were s ti l l  much l es s  than 50% . Resol ut ion on DE-23 col umns was al so 

poor g i vi ng only 3-4 fol d  puri fi cation  of the enzyme . 

low pH val ues ( pH 5 . 0-5 . 5 ) were requ i red for the pyruvate k i nase 

to b i nd to the cati on exchanger CM-23 , wi th resul tant l ow recoveri es 

( l ess  than 10% ) on el uti on of the enzyme by hi gh sal t concentrations . 

S i mi l ar probl ems were encountered wi th the use of phosphocel l u l ose  

( Whatman P I I ) ;  l ow pH val ues were requ i red for bi nd i ng the enzyme 

wh i c h  resul ted i n  very l ow recoverie s . 
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The Sephadex ba sed i on exchangers produced by Si gma , 

DEAE-Sephadex A-25 and CM-Sephadex C-25 ,  were then i nvesti gated . 

DEAE-Sephadex gave marked improvement on the cel l ul ose  anion

exchanger ,  DE-23 , for the puri fi cati on of pyruvate ki nase . By 

wash ing  the DEAE-Sephadex col umn wi th 0 . 1  M KCl after l oad ing  but  

before e l ut ion wi th a KCl gradi ent a l arge porti on of prote i n  \'lh i ch 

otherwi se " tai l ed11 through the sal t gradi ent was removed . Th i s  

procedure al l owed pur ifi cati ons o f  u p  to 10-fo l d  when the enzyme was 

el uted by a 0 . 1  M to 0 . 4  M KCl grad i ent .  The total recovery was  s ti l l  

l ow however ,  be i ng cons i s tently around 50% , and no means of 

i mprov i ng on thi s was found . A h i gh sa l t wash  ( 1 M KCl ) el uted no 

further pyruvate k i nase contai ni ng fractions . 

The CM-Sephadex gave s i mi l ar resul ts to the CM-23 and P I I  i on

exchange res i n s .  

The development o f  a s ui tabl e gel fi l tration s tep was a l so  more 

d i ffi cul t than anti c i pated . The agarose-based gel fi l tration med ium ,  

Bi ogel A 0 . 5  m ,  was i nvesti gated f irst  and gave poor recover i e s .  

Attempts to 11 reacti vate" any i nacti ve enzyme by addi t ion o f  a number 

of metabol i te s  were unsuccessful , and runni ng the col umn i n  h i gh 

sal t concentrati ons (0 . 2  M KCl ) and 20% gl ycerol gave only s l i ghtly 

better resu l ts ( recoveri es of  l e ss than 10% ) . The acryl ami de/agarose 

med i um ,  Ul trogel AcA34 was tri ed and gave s i mi l ar resul ts to the 

B iogel A 0 . 5  m col umn . 

Sephadex G200 gave much i mproved resu l ts wi th recoveri es of 

about 50% and 3-5 fo l d  puri fi cati on .  However flow rates were very 

s l ow whi ch may have contr ibuted to the l os s  of acti v i ty.  

Fi na l l y  Sephacryl S200 , a cross-l i nked dextran/acryl ami de ri gi d 

gel , was tr i ed . I ts good fl ow and col umn packi ng properti e s  made i t  
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a convenient gel fi l trati on medi um to use. Recoveri es of  up  to 

90% were repeatedly obtai ned wi th good resol uti on ,  gi vi ng approximate ly  

a further 10-fol d pur ifi cati on of the pyruvate k i nase after the 

DEAE-Sephadex s tep .  

Attempts were made to  devel op an affi ni ty chromatography step 

i n  the pur if ication scheme , but wi th  no s ucces s .  Affi n i ty adsorption 

chromatography was tried us i ng both 5 '  M4P-Sepharose and Bl ue

Sepharose 6B but the pyruvate k i nase di d not bi nd to these col umns . 

Affi n i ty el ut i on chromatography was i nves ti gated u s i ng CM-Sephadex,  

however the l ow pH requ i red to  b i nd pyruvate k i nase to  the co l umn 

{pH 5 . 5 )  and the i nabi l i ty to fi nd any compound wh i ch coul d 

s peci fi cal ly  el ute the enzyme prevented any progress bei ng made . 

The puri fi cation s cheme descri bed i n  Sections 4 . 2 . 1  to 4 . 2 . 6 

gi ves up to 140 fol d  puri fi cati on of pyruvate k i nase . The use o f  

10% - 20% glycerol throughout the procedure i mproved recoveri es 

consi derably as enzyme s tabi l i ty was very poor i n  the absence of 

glycerol  { Secti on 4 . 3 .4 ) . 

4 . 3  

4 . 3 . 1 

PROPERTI ES OF THE PARTIALLY PURI F I ED PYRUVATE K I NASE FROM 

P . SHERMAN I I 

Pyruvate Ki nase Assay 

Pyruva te k i nase acti vi ty was esti mated by measur ing  the rate 

of NADH oxi dation i n  a coupl ed assay wi th excess  l actate dehydrogenase 

as descri bed i n  Secti on 2 . 7 .  The enzyme was di l uted i n  col d  {4°C) 

10  mM Tri ci ne/NaOH buffer {pH 7 . 5 ) contai ni ng 20% glycerol . Routi ne 

as says dur ing enzyme puri fi cation were carr i ed out at room temperature 
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u s i ng a Beckman ACTA-3 spectrophotometer .  Ki neti c s tudi es were 

performed at JQOC us i ng a Uni cam SP 1800 s pectrophotometer . Al l 

protei n  determi nations i n  thi s chapter were carried out by the 

method of Bradford ( 1976 ) as descri bed i n  Secti on 2 . 6 .  

Under the standard assay cond i t ions a l ag phase occurred 

before a l i near reaction vel oci ty was attai ned . Thi s coul d be 

overcome by i ncubati on of the enzyme pl us reaction mixture at 30°C ,  

mi nus the PEP,  for 10 mi n .  Us i ng  thi s system l i near i ni ti al rates 

were obta i ned upon s tart ing  the react ion  wi th PEP . 

4 . 3 . 2  Treatment o f  Ki neti c Data 

I n i t i a l  rates were obtai ned u s i ng the as say procedure just  

descri bed and pl otted as i ni t i al vel oc i ty (v )  versus substrate 

concentration graphs . To obtai n a measure of the cooperati vi ty of the 

b i ndi ng of the subs trates the coeffi c ient  ( nH) was eval uated from the 

s l opes of the respecti ve H i l l  pl ots . Appl i cation of  the Hi l l  pl o t  

requ i res the ass umpti on o f  a val ue for Vmax or saturation b i nd i ng .  

E stimation of  Vmax often i nvol ves s ubs tant ia l  uncertai nty s i nce 

doubl e reci procal pl ots of data obta ined from cooperat ive bi ndi ng 

systems are non-l i near. 

Endrenyi et al  ( 1975 )  i nvest i gated procedures for the eval uat ion 

of the H i l l  coeffi c i ent wh i ch d id not requi re prior estimati on of 

the asymptoti c  vel oci ty or b i ndi ng .  Thi s i nvol ves us i ng  pl ots 

composed from data poi nts whi ch are deri ved from pai rs of  observations 

{u and w ) ; the concentration rati o i n  a l l  pai rs i s  mai ntai ned at 

a fi xed . cons tant val ue (a ) .  Th�s u equal s the reacti on vel oci ty 

a t  s ubstrate concentration c and w equal s the react ion vel oci ty at  

s ubs trate concentration a c .  Each data-pai r i s  rel ated by a n  
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TREATMENT OF K INET IC  DATA 

Figure (a) PEP Saturation Curve F igure (b )  Endrenyi Plot 
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Figure (a) shows the relationship between pyruvate kinase activity and PEP concentration under the conditions 
specified in Section 4.3. 1 .  but at 1 . 0  mM ADP instead of 2.0 mM ADP. F igure (b) shows a linearisation of this 
curve by the method of Endrenyi et a/ ( 1 975) using data pairs related by the constant " = 2. The value for 
V max derived from the Endrenyi plot wa� then used in the evaluation of the Hill equation as shown in figure (c) 
to obtain the Hill number (nH ) .  See Section 4.3.2 for a fuller discussion of procedure. 

Figure (c) Hil l Plot 
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hyperbol i c  rel ation : wi = Du; f ( E  + ui ) (where E = Vmax (a
n - 1 )  

and D = anE and are both cons tants and n = nH ) ,  wh i ch can be 

l i neari sed by u s i ng the pl ots appl i ed for the Mi chael i s -Menten 

equat ion .  I n  thi s thesi s the pl ot u/w versus u was used . The 

va l ues  for the Hi l l  coeffi c i ent ( nH ) and Vmax can be eval uated 

di rectly from these graphs . Thus i n  the u/w versus  u p l ot nH = - l og 

Verti ca l  I ntercept/ l og a and Vmax = 1 - Vert i cal I ntercept/Sl ope . 

I n  Secti on 4 . 3  the data were col l ected i n  concentrati on pa i rs 

rel ated by the constant a = 2 and val ues for nH and Vmax eval uated 

as descri bed above . Thi s val ue for Vmax was then used i n  the Hi l l  

equati on and the ori gi nal data pl otted a second t ime as  a Hi l l  pl ot 

from wh i ch a second estimati on of nH was obta i ned , as wel l  a s  a 

val ue for the apparent bi nd ing  constant k0 • 5v . Fi gure 4 . 3 . 2  g i ves  

a graph i cal exampl e of  the procedure used for the rel ati onsh.j p 

between vel oc i ty and PEP concentrati on at 1 . 0  mM ADP ( from Tabl e 

4 . 3 . 8 ( a ) ) .  

I n  ca ses where the data fi tted an hyperbol i c  rel ati onsh i p . 

the parameters Vmax and Km were eval uated by the di rect l i near p lot  

method of Ei senthal and Corn i sh-Bm�den ( 1974) . Val ues obta i ned by 

th i s  method agreed c lo sel y wi th those determi ned from L i neweaver-Burk 

pl ots of the same data . 

4 . 3 . 3  Effect of Enzyme Concentrati on on Acti vi ty 

The rel ationsh i p  between the enzyme concentrat ion and act i vi ty 

of the P . s hermani i pyruvate k i nase was i nvesti gated over the range 

0 . 35 pg to 3 . 50 �g protei n per assay . The assays were carri ed out 

under o therwi se standard cond i t ions { Sect ion 4 . 3 . 1 )  at 30°C and 
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Figure 4.3.3 

EFFECT OF ENZYME CONCENTRATION ON ACT IV ITY 

1 .6.----------------------..,.---

1 .2  

0.8 

0.4 

PROTE IN  IN ASSAY (J.!g) 

The relationship between pyruvate kinase concentration and its activity was determined 
over the range 0.35 to 3.5 }Jg protein per assay. Reaction conditions as specified in 
Section 4.3. 1 .  
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were performed i n  dupl i cate . F i gure 4 . 3 . 3  shows that the rel at ion

sh i p was not l i near . Hhi l e  reasons for thi s were not i nvesti gated , 

a l l  as says i n  any one experiment were carri ed out u s i ng the same 

amount of enzyme to ensure that changes i n  rate of reacti on were 

not due to concentrati on-dependent changes i n  enzyme acti vi ty .  

In i t ia l  rates of assays at l ow subs trate concentrati ons were 

determi ned by i ncreas i ng the absorbance scal e expan s i on of the 

spectrophotometer used . Thi s was fo und to be sati sfactory for the 

data col l ected i n  th i s  i nvest igation .  Mos t  experi ments descr ibed 

i n  thi s secti on were carri ed out us ing  enzyme concentrati ons cl ose 

to 2 pg per assay .  

4 . 3 . 4  Stud ie s  on the Stabi l i ty of Pyruvate Ki nase 

The pyruvate ki nase l ost  over 95% of i ts acti v i ty wi th i n  2 days 

when s tored i n  0 . 1 M Tri s/HCl buffer ( pH 7 . 5 )  at 4oc .  Glycerol , 

Mg++ , 2 -mercaptoethanol and EDTA were i nvesti gated a s  poss i ble  

stabi l i sers of the enzyme . Of these , only gl ycerol  and Mg++ were 

found to have any stabi l i s i ng effect and were therefore i nves ti gated 

further .  Fi gure 4 . 3 . 4  s hows the stabi l i s i ng effects of glycerol 

and Mg++ on the pyruvate k i nase over a peri od of 18 days when l eft 

to s tand i n  0 . 1 M Tri s/HCl buffer ( pH 7 . 5 )  a t  4°C .  Fi gure 4 . 3 . 4 ( a )  

s hows that 20% glycerol gave opti mum s tab i l i sat i on of the pyruvate 

kinase whi l e  i n  F i gure 4 . 3 . 4 ( b )  i t  can be seen that , by i tsel f ,  

Mg++ had only a mi nor effect o n  stabi l i ty of  the enzyme a l though i t  

appeared to enhance the s tabi l i ty afforded by glycerol . 

4 . 3 . 5  pH Profi l e  of Pyruvate Ki nase 

The acti v i ty of P . sherman i i  pyruvate k i nase was stud i ed over 
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The enzyme was incubated at 0-4°C in the presence of either glycerol or MgC 12• as indicated. The activity was 
assayed at measured intervals. Figure (a) shows the effect of increasing glycerol concentration on the stability of 
pyruvate kinase. Figure (b) shows the effect ·of 10 mM Mu++ and 1 0% glycerol on pyruvate kinase stability. 
Reaction conditions as specified in Section 4.3. 1 .  Enzyme concentration : 21  1'9 protein per assay. 
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the pH range 5 . 50 to 9 . 75 us i ng 5 d ifferent buffers : Bi stri spropane/ 

HCl , Tri s/HCl , HEPES/NaOH , MES/NaOH and Tri ci ne/NaOH . The buffers 

were used at 0 . 1 M concentration and were adjusted to the 

appropri ate pH wi th ei ther  NaOH or HCl . The standard assay 

descri bed i n  Section 4 . 3 . 1 was used wi th the 0 . 1 M Tri ci ne/NaOH 

buffer ( pH 7 . 5 ) bei ng repl a ced by one of the above buffers as 

i ndi cated . The pH of each assay mi xture was measured after reacti on 

and thi s val ue used as the pH of the assay. Fi gure 4 . 3 . 5  shows 

the pH profi l es obta ined . I n  mo st buffers the enzyme i s  acti ve 

over a wi de pH range wi th a broad optimum around pH 7 . 5 .  The 

acti vi ty in the buffers B i stri s propane , HEPES , MES and Tri c i ne i s  

s imi l ar wi th i n  the range pH 7 . 2 to 7 . 6 .  However the pH profi l e  i n  

Tri s  buffer was markedl y di fferent , having an optimum at pH 8 . 5  

wh i l e  act iv i ty at pH 7 . 5  was l e s s  than 50% o f  the maximum acti v i ty. 

4 . 3 . 6  Monoval ent Cation Requi rement of Pyruvate Ki nase 

Most  pyruvate k i nases studi ed have an absol ute monoval ent cat ion 

requ i rement for acti v i ty ,  and i t  often affects the a l l osteri c 

propert i es of the enzyme . However the pyruvate k i nases from 

Rhodopseudomonas sphaeroi des ( Schedel et !1, 1975 ) ; Acetobacter 

xyl i num ( Benz i man , 1969 ) ; and Escher i ch i a  col i type I I  {Waygood 

et !1, 1975)  have al l  been reported to l ack any requi rement for 

a monoval ent cat i on .  

Under standard as say condi tions the P . s henmani i  pyruvate k i nase 

appeared to be unaffected by the addi tion of monoval ent cati ons . 

To i nves ti gate thi s further the P . sherman i i  enzyme was assayed us i ng 

the Tri s sal ts  of ADP and NADH , the tri cycl ohexyl ami no sal t of PEP , 

and lOO mM B i stri s propane/HCl buffer ( pH 7 . 5 )  as the assay buffer 

( i n pl ace of Tri c i ne/NaOH ) . The pyruvate k i nase samp l e  and the 
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The pH profile of P.shermanii pyruvate kinase was determined as described in the text. Reaction conditions as 
specif ied in Section 4.3. 1 except that the ruaction buffer was replaced by one of the buffers shown and the assay 
performed at the pH indicated. 
Enzyme concentration : 2 1'9 protein/assay. 
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l actate dehydrogenase used i n  the assay were extens i vely d ia lysed 

aga i ns t  10 rrt-1 B i s tri s propane/HC l buffer ( pH 7 . 5 )  to remove any 

monoval ent cations from that source . Thus apart from any cati on 

contaminants i n  the reagents ,  the assay system was es senti al ly  

free from i norgan i c  monoval ent cations . Us i ng thi s system add i t ion 

of the fol l owing  monoval ent cations : K+ , NH4
+ , Na+ , u + and cs+ 

( a l l at 40 mM) had no effect ( e i ther pos i ti ve or negati ve )  on 

pyruvate k i nase act iv i ty s uggesting  that thi s  enzyme has no 

requi rement for a monoval ent cati on . 

4 . 3 . 7  Effectors of Pyruvate Ki nase Act i v i ty 

Pyruvate k i nases from di fferent sources are i nfl uenced by a 

l arge number of widel y di fferent effectors rangi ng from sugar mono

and d i �  phosphates , nucl eoti de mono- , di - and tri - phosphates  and 

ami no ac i ds to a few i norgani c  i ons . 

Tabl e 4 . 3 . 7  s hows the resul ts  of the effects of 30 d i fferent 

metabol i te s  on the acti v i ty of P . sherman i i  pyruvate k i nase • .  
Metabol i tes were i ncl uded i n  the s tandard assay at  the concentrat ions 

s ho\'m and assayed under both saturati ng ( 5 . 0 rrN) and non-saturati ng 

{0 . 5  ntt) concentrati ons of PEP ( see Section 4 . 3 . 8) . 

At 5 . 0  mM PEP the pyruvate k i nase acti vi ty was not acti vated 

by any of the 30 metabol i tes  i nves ti gated , but at 0 . 5  mM PEP the 

presence of G6P at 2 . 0  mM caused over 100% acti vati on of the enzyme . 

No o ther metabol i te appeared to acti vate the enzyme s i gn i fi cantly 

at 0 . 5  rti-1 PEP .  

A number of the compounds i nh i b i ted the enzyme acti v i ty under 

both saturati ng and non-saturating condi ti ons of PEP .  I norgan i c  

phosphate { P; ) ,  pyrophosphate { PP; ) ,  ATP and acetyl phosphate 
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Tab l e  4 . 3 . 7  Effect o f  metabol i tes on pyruvate ki nase acti vi tya . 

Acti vi ty at 5 . 0  mM Acti vi ty a t  0 . 5  mM 
Addi tions PEP ( un i ts/mg ) PEP ( uni ts/mg ) 

( a )  9 . 7  p g  protei n  per assay 

No addi ti ons 15 . 6  3 . 15 

1 3 . 0  4 . 58 

1 3 . 7  2 . 66 

G6P 0 . 1  mM 14 . 5  4 . 82 

0 . 5  mM 14 . 0  7 . 40 

2 . 0 mM 1 1 . 4  7 . 73 

FBP 0 . 5  mM 1 3 . 5  3 . 33 

2 . 0 mM 1 3 . 7 2 . 00 

F6P 0 . 5  mM 1 3 . 0  3 . 16 

2 . 0 mM 13 . 5 3 . 57 

Glycerol -3-phosphate 0 . 5  mM 1 2 . 2  2 . 59 
2 . 0 mM 1 3 . 5  1 . 9 1  

G a  3-P 0 . 5 mM 13 . 2  3 . 74 

2 . 0  mM 1 3 . 5  2 . 66 

6-phosphogl uconate 0 . 5  mM 13 . 0  3 . 66 

2 . 0 mM 12 . 2  1 . 83 

Ri bose-5-phosphate 0 . 5  mM 12 . 6  2 . 33 

2 . 0  mM 12 . 7  2 . 82 

ATP 0 . 1  mM 1 3 . 7 3 . 57 

0 . 5  mM 13 . 7  2 . 82 

2 . 0  mM 10 . 5  0 . 67 

AMP 0 . 5  mM 1 3 . 0  2 . 10 

2 . 0  mM 1 3 . 0  3 . 74 

5 . 0 mM 1 1 . 5  3 . 96. 

ppi 0 . 5  mM 13 . 2  3 . 16 

2 . 0 mM 9 . 5  1 . 58 



Tabl e 4 . 3 . 7  conti nued 

Addi ti ons 

pi 0 . 5  mM 

2 . 0  rrM 

( b )  9 . 7  p g  prote i n  per assay 

No addi ti ons 

GMP 0 . 5  mM 

2 .0 mM 

GTP 0 . 5  rJtt1 
2 .0 mM 

GDP 0 . 5  nt>1 
2 .0 mM 

L-l actate 3 . 0  mM 
D-l actate 3 . 0  mM 
Fumarate 3 . 0  mM 
S ucci nate 3 . 0  ITf-1 
Mal ate 3 . 0  mM 
Ci trate 2 . 0 mM 

Acetyl CoA 0 . 1  mM 

1 . 0 mM 

Acetyl phosphate 0 . 5  mM 
2 . 0  mM 

NADP+ 0 . 5  mM 

2 . 0  mM 

{ c )  4 . 0  p g  protei n per assay 

No addi t ions 

Act i vi ty at 5 . 0  mM 

PEP { uni ts/mg} 

12 . 7  
7 . 7  

15 . 5  
1 3 . 7  

16 . 1  

1 3 . 0  

8. 1 

14 . 3  
10 . 0  

16 . 0  
16 . 0  

15 . 5  
1 5 . 5  

14 . 5  
14 . 2  

1 5 . 5  

14 . 5  

14 . 5  

9 . 2  

14 . 2  

1 5 . 6  

19 . 8  

76 . 

Acti vi ty at  0 . 5  mM 

PEP { uni ts/mg} 

2 . 76 

1 . 33 

4 . 41  
2 . 87 

4 . 24 

3 . 36 

3 . 53 

2 . 0 1  

4 . 09 

3 . 16 

4 . 82 
3 . 00 
4 . 16 
2 . 16 

4 . 32 
2 . 9 1  

4 . 49 

4 . 82 

3 . 07 

0 . 60 

3 . 62 

1 . 65 

5 . 64 

5 . 70 



Tab le  4 . 3 . 7  conti nued 

Addi ti ons 

Gl ucose-1 -phosphate 

Al ani ne 
Val i ne 

Phenyl a lan ine  

2 .0  mH 

2 . 0  mM 

2 .0 mM 
2 . 0  mM 

Acti vi ty at 5 . 0 mM 

PEP ( uni ts/mg) 

16 . 9  

18 . 9 

19 . 3  

16 . 0  

77 .  

Act i vi ty at 0 . 5  mM 
PEP ( uni ts/mg ) 

6 . 25 

6 . 04 
6 . 66 

6 . 16 

a Reacti on condi ti ons as s peci fi ed i n  Secti on 4 . 3 . 1 .  Parts { a ) , { b )  and 

( c) carried out on separate days . 
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appeared to be the mos t s i gn i fi cant i nhi bi tors . Of these four 

compounds , l i tt l e  further work was done on the effects of P P; 

or acetyl phosphate . The l ow sol ubi l i ty of the Mg-PP; compl ex 

prevented assays bei ng carried out above 2 mM PP ; . Acetyl 

phosphate i s  an uns tabl e compound , rapid ly break i ng down to acetate 

and P; . The apparent i nh i bi tory effect of acetyl phosphate i s  

probably caused by the P ; rel eased on decompo s i ti on .  Ev i dence for 

th i s  emerged when the effect of i ncreas i ng acetyl phosphate 

concentrat ion on pyruvate k i nase acti vi ty was bei ng stud ied 

( F i gure 4 . 3 . 7 ) .  

The acetyl phos phate was freshly prepared and a l l  as says 

completed wi th i n  40 mi n .  Assays conta i ni ng 1 . 0 ,  2 . 0 ,  4 . 0 ,  6 . 0 ,  

8 . 0 , and 10 . 0  mM acetyl phosphate were performed i n  that order 

fo l l owi ng whi ch the assays conta in i ng 0 . 5  and 3 . 0  mM acetyl phos phate 

were carri ed out . As shown i n  Fi gure 4 . 3 . 7  the va l ue s  for pyruvate 

k i nase acti v i ty i n  these l as t  two assays l ay wel l  bel ow the curve 

produced by the earl i er set  of resul ts showing  that the i nh i b i tory 

effect of  the acetyl phosphate had i ncreased s i gni fi cantly wi th 

t ime .  Al l other as say condi tions be i ng equal these res ul ts were 

i nterpreted a s  s howi ng that acetyl phosphate was i n  fact di ssoci ati ng 

very rap i dly  and the apparent i nh i bi tion was due to the rel ease of 

i norgani c  phosphate . The i nhi b i tory effects of P; and ATP are 

descri bed in Secti ons 4 . 3 . 14 and 4 . 3 . 1 5 .  

A n  i mportant feature o f  the data i n  Tabl e 4 . 3 . 7  i s  the l ack 

of act i vati on of P . shermani i pyruvate k i nase by ei ther FBP or AMP , 

two common acti vators of pyruvate k i nases from other sources . The 

effect of these two metabol i tes was i nves ti gated on a number of  

other occas i ons and al though AMP at h igh  concentrations { greater 
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The figure shows the effect o f  increasing acetyl phosphate concentration o n  pyruvate 
k inase activity, as described in the text. Reaction conditions as specified in Section 
4.3. 1. E nzyme concentration : 2.1 Jlg protein per assay. 
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than 5 �1) coul d parti al l y  reverse i nh i b i t i on of the enzyme 

act i v i ty by P; at no s tage were e i ther AMP or FBP found to 

act i vate the enzyme . 

80 .  

4 . 3 . 8  Re l at i onsh ip Between Pyruvate Ki nase Act i vi ty and Varyi ng 

PEP Concentration 

4 . 3 . 8 . 1  Effect of ADP concentration on the PEP saturat ion curve 

Most pyruvate k i nases studi ed from both eukaryotic  ( Seubert 

and Schoner , 197 1 ;  Van Berkel and Koster,  197 3 ;  Ibsen and Trf ppet, 

197 3 ;  Costa et �. 197 2 ;  Kapoor ,  1975 ; and Z i nk ,  1977 ) and 

prokaryot i c  sources (Waygood and Sanwal , 1974 ; Waygood et �. 1975 ; 

Benz i man , 1969 ; Col l i ns and Thomas , 1974 ; L i ao and Atki nson , 197 1 ;  

and Schedel et �. 1975 ) show a s i gmoidal response to i n creas i ng 

PEP  concentrati on . 

The homotrop ic  cooperati v i ty of PEP bi nd i ng was reduced by 

i ncreasi ng ADP concentrations for the yeast pyruvate ki nase 

( Seubert and Schoner , 1971 } al though i t  was not compl etely  abol i shed 

at u p  to 10 mM ADP . S imi l arl y i n  the AMP-acti vated enzyme from 

E . co l i ( Waygood et �. 1975 ) the cooperati ve b i ndi ng of PEP found 

at non -saturati ng concentrati ons of ADP became compl etely hyperbol i c  

a t  an ADP concentration above 1 . 33 mM , a t  pH 6 . 3 .  However , i n  

S . l acti s ( Crow , 1975)  chang i ng the ADP concentrati on from 0 . 3  mM to 

6 . 67 mM had no effect on the cooperati vi ty of PEP bi nd i ng .  

The rel ationsh i p  between P . shermani i pyruvate ki nase acti vi ty 

and PEP concentrati on at 5 di fferent ADP concentrati ons i s  shown i n  

Fi gure 4 . 3 . 8 ( a )  and s ummari sed i n  Tabl e 4 . 3 . 8( a) . The H i l l  

coeffi c ient  rema i ned wi th i n  the range 2 . 2  to 2 . 5  for the range of  
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Figure (a) shows the relationship between pyruvate kinase activity and PEP concentration, at 5 di fferent 
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Tab le  4 . 3 . 8  Effect of ADP on the rel ati onsh ip  between acti vi ty and PEP concentrati ona . 

( a )  No G6P ( b )  I n  the presence of 2 . 0  mM G6P 

b c b Vmax 
c 

ADP Interacti on PEPo . 5v Vmax ADP Interaction PEPo . 5v Concentrati on Coeffi cient (mM) ( un i ts/mg) Concentrati on Coeffi ci ent (mM) ( un i ts/mg ) (mM) n b n c ( mM) b n c 
H H nH H 

2 . 00 2 . 4 2 . 3  1 . 05 5 1 . 9  2 . 00 1 . 6  1 . 5  0 . 350 55 . 1  

1 . 00 2 . 2  2 . 2  1 . 45 49 . 1  1 . 00 1 . 8  1 . 9  0 . 345 45 . 0  

0 . 50 2 . 5  2 . 4  1 . 70 31 . 7  0 . 50 1 . 9 2 . 0  0 . 620 45 . 0  

0 . 25 2 . 5  2 . 7  2 . 45 18.0 0 . 25 2 . 0  1 . 9  0 . 595 34 . 9  

0 . 10 1 . 9 1 . 8 2 . 40 3 . 8  0 . 10 1 . 6  1 . 8  0 . 940 2 1 . 0  

a Reacti on condi t ions  a s  speci fied i n  Section 4 . 3 . 1 .  Enzyme concentration : 2 . 2  � g  prote i n  per as say. 

b Determi ned graph i ca l ly  from Hi l l  pl ots us i ng Vmax val ues determi ned by the method of Endrenyi et � ( 1975 ) . 
c Determi ned di rectly from s l ope and intercept of Endreny i  pl ot.  

CO N . 
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ADP concentrat ions from 0 . 25 mM to 2 . 0 mM but dropped s l i ght ly  to 

1 . 9 at 0 . 10 mM ADP .  loweri ng the ADP concentration i ncreased the 

PEPo . sv val ues from 1 . 05 mM PEP at 2 . 0  mM ADP to 2 . 40 mM PEP at  

0 . 10 mM ADP . 

Secondary pl ots of  the data i n  Tabl e 4 . 3 . 8 ( a ) accord i ng to the 

method of  Endrenyi et � { 1975) gave a true Vmax ( Section 4 . 3 . 9 . 1 ) 

of 54 . 1  uni ts/mg and an ADP0 • 5V val ue ( from the Hi l l  pl ot) of 

0.  36 nt-1 ADP . 

4 . 3 . 8 . 2  Effect of  2 . 0  mM G6P on the PEP saturati on curve 

Gl ucose-6-phosphate was found to be the major heterotrop ic  

acti vator of  pyruvate k i nase i n  P . s hermani i ( Section 4 . 3 . 7 ) . The 

rel ations hi p between PEP concentration and acti vi ty at 5 di fferent  ADP 

concentrati ons  { as for Secti on 4 . 3 . 8 . 1 above ) was repeated i n  the 

presence of 2 . 0  mM G6P .  The resul ts are s hown i n  Fi gure 4 . 3 .8 ( b) 

and summari sed i n  Tabl e 4 . 3 . 8 ( b } . 

Compar ing  the data i n  Tabl es 4 . 3 . 8( a )  and ( b) i t  can be seen 

that the presence of G6P decreased the cooperati vi ty of the PEP  

bi nd i ng ,  l O\'Jeri ng the H i l l  coeffi ci ent from a mean val ue of  2 . 35 

to 1 . 85 i n  the presence of  2 . 0  mM G6P .  At th i s  concentration 

( 2 . 0  mM} , G6P appeared to have l i ttl e effect on the Vmax val ue 

of the PEP b i ndi ng curves at h i gh ADP concentrati ons (�1 . 0  mM ADP ) . 

later data s howed however that h i gh concentrations o f  G6P l owered 

the Vmax val ue of  the reaction at saturati ng PEP and ADP concentrations .  

At l ow ADP concentrations however , the Vmax was s i gni fi cantly h i gher 

i n the presence of 2 . 0 mM G6P .  G6P had a major . effect o n  the 

b i nd ing  of the s ubstrate PEP .  The PEPo . 5v val ues at a l l ADP concentr

ations u sed were s i gni fi cantl y l o�1ered by the 2 . 0  mM G6P .  



4 . 3 . 9  The Rel ati onsh ip Between Pyruvate Kinase Acti v i ty and 

Varying ADP Concentrat ion  

84 . 

Pyruvate k i nases s how a vari ed res ponse to ADP acti vation wi th 

some enzymes showi ng a s i gmoi dal re l at i onshi p  wh i l e  others have 

typi cal Hi chael i s -Menten k i net ics . The pyruvate k i nases from 

rabb i t  l i ver ( type L )  ( I rv ing  and l�i l l i ams , 1973) ; rat l i ver ( type L ) , 

rat muscl e ( type M1 ) and rat ki dney cortex ( type M2 ) ( Ibsen and 

Tri ppet, 1973 ) ;  and Acetobacter xyl i num ( Benz iman , 1969 ) al l g i ve 

an hyperbol i c  response for ADP b i nd i ng whi l e  the pyruvate k i nases 

from E . col i ( type I ) (Haygood and Sanwal , 1974 ) ; S . l acti s ( Crow ,  1975 )  

and yeas t ( Seubert and Schoner ,  1971 ) al l di s pl ay pos i t i ve homotropi c 

cooperati vi ty for ADP . 

The E . col i ( type I I )  enzyme ( 14aygood et !!_, 1975 )  shows pos i ti ve 

cooperati vi ty for ADP at l ow PEP concentrati ons but becomes hyperbol i c  

at PEP concentrati ons greater than 1 mM and at pH ' s  above 7 . 5 .  

S imi l arly rabb i t  muscl e ( type M1 ) pyruvate k i nase ( Ph i l l i ps and 

Ai nsworth , 197 7 }  g i ves a s i gmoi dal res ponse to ADP at  l ow Mg++ 

concentrations wh i ch i s  abo l i shed above 1 mM Mg++ . 

4 . 3 . 9 . 1  Effect of PEP concentration on the ADP saturation curve 

The rel ations hi p between P . shermani i pyruvate k i nase acti vi ty 

and ADP concentrati on at 5 d i fferent PEP concentrati ons i s  shown i n  

Fi gure 4 . 3 . 9 ( a ) and summari s ed i n  Tab le  4 . 3 . 9 ( a) . ADP showed 

pos i ti ve cooperati vi ty wh i ch remai ned constant over the range of  

PEP concentrations used ( 0 . 25 to  3 .0 mM) wi th a H i l l  coeffi ci en t  of  

around 1 . 90 .  The ADP0 • 5y val ues i ncreased from 0 . 34 mM ADP at  

3 . 0  mM PEP  to 0 . 70 mM ADP at  0 . 25 �� PEP .  
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Tab l e  4 . 3 . 9  Effect o f  PEP on the rel ationsh i p between acti vi ty and ADP concentrati ona . 

( a )  N o  G6P ( b )  I n  the presence o f  2 . 0  mM G6P 

b c d e 
PEP I nteraction ADPo . 5v Vmax PEP d ADPo . sv Kme Vmax 

Concentrati on Coeffi ci ent ( nt1 ) (uni ts/mg } Concentration nH (mM) ( uni ts/mg } ( !W1) b n c (mM) (mM) nH H 

3 . 00 1 . 9  1 . 9  0 . 34 56 .0  3 . 00 1 . 1  0 . 16 0 . 16 54 . 0  

1 . 50 2 . 1  2 . 0  0 . 49 43 . 9  1 . 50 1 . 0 0 . 21  0 . 21 49 . 4  

1 . 00 1 . 8  1 . 9  0 . 62 30 . 6  1 . 00 1 . 0  0 . 22 0 . 23 44 . 2  

0 . 50 1 . 7  1 . 5  1 . 05 14 . 9  0 . 50 1 . 1  0 . 70 o .  71 5 3 . 0  

0 . 25 2 . 0  2 . 0 0 . 70 2 . 8  0 . 25 0 . 9  1 .  70 2 . 30 46 . 9  

a Reacti on cond i ti ons a s  speci fi ed i n  Secti on 4 . 3 . 1 .  Enzyme concentration : 2 . 2  � g  protei n per assay .  

b Esti mated graph i cal l y  from Hi l l  p lots usi ng Vmax val ues determi ned by the method of Endrenyi et !1 ( 1975 ) . 

c Determi ned d i rectl y from s l ope and i ntercept of Endrenyi pl ot .  

d Esti mated graph i cal l y  from H i l l  pl ots us i ng Vmax val ues determi ned by the method o f  
·
E i senthal and 

Corni sh-Bowden ( 1974 ) . 

e Determi ned by the method of E i senthal and Corn i sh-Bowden ( 1974) . 

00 m . 
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Secondary pl ots of the data i n  Tabl e 4 . 3 . 9 ( a )  accord i ng to 

the method of Endreny i et 2l ( 1 975)  gave a true Vmax ( Section 

4 . 3 . 8 . 1 )  of 62 . 4  un i ts/mg and a PEPo . sv va l ue ( from a Hi l l  p lot) of 

1 .0 rd1 PEP.  

4 . 3 . 9 . 2  The effect of 2 . 0  mM G6P on the ADP saturation curve 

The rel ati onsh i p  between pyruvate k i nase acti vi ty and ADP 

concentration at 5 d i fferent PEP concentrations ( as i n  Section  

4 . 3 . 9 . 1  above ) was repeated in  the  presence of 2 .0  m� G6P .  The resul ts 

are shown i n  F i gure 4 . 3 . 9 ( b ) and summari sed i n  Tabl e 4 . 3 . 9 ( b ) .  Com

par i ng the data i n  Tabl es  4 . 3 . 9 ( a ) and ( b )  i t  can be s een that G6P 

a bol i shed the cooperati vi ty of ADP b i ndi ng ,  l oweri ng the Hi l l  

coeffi ci ent from 1 . 90 to 1 . 00 . Si mi l ar to i ts effect on PEP b i ndi ng , 

G6P had l i ttl e effect  on the Vmax under s aturating PEP concentrat ions 

( 3 .0 mM) . However as the PEP concentration was decreas ed , the 

presence of 2 . 0  mM G6P enhanced the Vmax cons i derably over that 

found in  i ts absence . G6P al so had a marked effect on the ADPo . sv 

val ues . At PEP concentrat ions above 1 . 0 mM the presence of 2 . 0  mM 

G6 P s i gni fi cantl y l owered the ADPo . sv val ue . However at 0 . 25 mM PEP 

the ADPo . sv val ue was i ncreased over 3 fol d by the 2 . 0 mM G6P .  

4 . 3 . 10 Effect of GDP on Pyruvate Ki nase  Act i vi ty 

Waygood and S anwal ( 1974) s tudying the type I pyruvate ki nase 

of E . co l i found that GDP ,  UDP , l OP and COP coul d repl ace ADP as 

the phosphate group acceptor. GDP was i n  fact by far the bes t  

phos phate acceptor for the enzyme wi th a Km o f  0 . 05 rdi compared to 

0 . 24 mM for ADP and a Vmax of 110 uni ts/mg compared to 55 uni ts/mg 
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for ADP . Unl i ke ADP ,' GDP s howed substrate i nhi bi ti on above 0 . 05 mM. 

Des pi te thi s Haygood and Sanwal { 1 974 ) suggested the E . col i type I 

pyruvate ki nase was perhaps s peci fi c  for GDP as the phospha te 

acceptor i n  vi vo .  

Crow ( 1975)  found that the s .  l acti s pyruvate ki na se wa s al so 

abl e to use GDP as the nucl eoti de phosphate acceptor i ns tead of  ADP .  

I n  th i s  case GDP gave a comparab l e  Vmax to that obtai ned wi th ADP 

a s  nucl eotide substrate and , as for the E . col i cas e ,  the GDP had a 

much l ower Km (0 . 1  mM GDP ) than the ADP ( 1 . 2 m� ADP ) . Unl i ke the 

E . col i s i tuation , i n  S . l acti s the pyruvate �i nase was i nh ib i ted by 

h i gh ADP concentrati ons and not by h i gh GDP concentrations . 

I n  the l i ght  of these experiments i t  was deci ded to i nves ti gate 

the effect of GDP on the acti vi ty of  the P . sherman i i  pyruvate k i nase .  

The rel at ionsh i p  between pyruvate k i nase act iv i ty and GDP concentrat ion  

i s  s hown in  Fi gure 4 . 3 . 10 .  As  for the E . col i type I enzyme the 

GDP showed subs trate i nh i b i ti on a l though at a hi gher concentrat ion 

( 2 . 0  mM GDP i n  P . sherman i i  compared wi th 0 .05 mM GDP i n  E . col i ) .  The 

Km for GDP was about 0 . 2  ni1 compared wi th 0 . 34 nt-1 for ADP under 

s i mi l ar condi t i ons , however the Vmax obtai ned usi ng  GDP as phos phate 

acceptor was l ess than 10% of that for the reaction us i ng ADP and 

thus i t  woul d seem unl i kely that GDP i s  the nucl eoti de phosphate 

acceptor for the P . shermani i  pyruvate ki nase i n  v i vo .  - --

4 . 3 . 1 1  Effect of  Mg++ on Pyruvate Ki nase, Acti v i ty 

Al l pyruvate ki nases s o  far s tud ied  have an absol ute requi rement 

for a di val ent cati on , general ly  Mg++ al though thi s can often be 

repl aced by other d i val ent cations wh i ch a l so acti vate the reaction . 
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E F F ECT O F  GDP CONCENTRATION ON P Y R UVATE KI NASE ACT I V I TY 
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The relationship between pyruvate k inase activity and G DP 
concentration was determined in the absence of ADP. Reaction 
conditions as specified in Section 4.3. 1 .  with G DP substituted for 
ADP as indicated. Enzyme concentration : 4.5 119 protein per assay. 
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Dependi ng on the source the enzyme may d i s pl ay s i gmo i dal or 

Mi chael i s -Menten k i neti cs wi th respect to vary i ng concentrations 

of Mg++ ; s ubstrates and mod i fi ers may have di fferent effects on 

i ts acti vation . 

4 . 3 . 1 1 . 1  Effect o f  Mg++ o n  pyruvate k i nase acti v i ty of P . sherman i i  

The rel ati onsh i p  between P . shermani i pyruvate k i nase and Mg++ 

concentrat ion i s  shown i n  Fi gure 4 . 3 . 1 1  as a rate versus Mg++ 

concentration graph wi th i ts corres pond i ng Hi l l  p l ot .  The H i l l  

coeffi c ient of 3 . 66 for Mg++ i s  very h i gh and suggests that the 

i nteraction wi th Mg++ i s  h i gh ly  cooperati ve .  The Mg0 • 5v val ue  

of 5 .0  � 1  Mg++ obtai ned from the Hi l l  p lot  i s · al so l arge s ugges ting  

that a h i gh concentrati on of Mg++ i s  requ i red to saturate the enzyme . 

Thi s i s  borne out by the fact that 20 mM Mg++ i s  requ i red for 

maxi mum acti vati on of the enzyme . 

4 . 3 . 1 1 . 2  Effect of G6P on Mg++ acti vation of pYruvate k inase 

Fi gure 4 . 3 . 1 1 al so s hows the rel ationshi p  between pyruvate 

kinase acti vi ty and �1g++ concentrati on i n  the presence of 4 mM 

G6P .  The most  s tri ki ng effect of  G6P o n  the acti vati on of  

pyruvate ki nase by Mg++ i s  the compl ete abo l i ti on of i ts cooperati v i ty 

( l owering the H i l l  number from 3 . 66 to 0 . 90 ) . Cons i stent wi th the 

earl i er k i neti c data G6P d i d  not i ncrease the Vmax of the reaction , 

i n  fact i n  the presence of  4 �1 G6P the Vmax was only 32 . 1  uni ts/mg 

compared to 38 . 4  uni ts/mg i n  i ts absence . However G6P l owered the 

Mgo . 5V val ue from 5 .0 mM Mg++ to 3 .0 m� Mg++. 
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4 . 3 . 1 1 . 3  I nteracti on between Mg++ and ADP 

9 2 .  

I t  appears that for di fferent pyruvate k i nases the nucleotide 

phosphate acceptor ADP may parti ci pate i n  the reacti on ei ther as 

free ADP3- , ADP Mg- or a combi nati on of both . There i s  cons i der

abl e evi dence i ndi cati ng that the adenos ine nuc leoti des (ADP and 

ATP)  are i nvol ved i n  the reacti on as the ir  magnes i um s al ts ,  wi th 

the bi val ent cati ons formi ng a bri dge between the enzyme and 

ADP (Mel chi or,  1965 ; Mi l dvan and Cohn , 1965 ) . However , Phi l l i ps and 

Ainsworth ( 1977 ) s tudying the rabbi t  muscl e pyruvate k i nase 

concl uded from thei r observati ons that 11 • • • i t  is  both necessary 

and suffi c i ent to suppose that the true substrates  o f  the acti vated 

enzyme are Mg++ and the Mg++_free phos phoenol pyruvate and ADP 

s peci es . .. S imi l arly ,  Macfarl ane and Ai nsworth ( 1972 )  concl uded that 

the free ADP al one is the nucl eoti de substrate of  yeas t pyruvate 

k i nase and they add 11 l n  sol uti on Mg++ i s  bound between the a- and 

e- phosphate groups of  ADP and the e - and y - groups of ATP ( Cohn 

and Hughes , 1960 , 1962 ; Hammes et !1. 1961 ) .  Thus i f  MgADP were to 

be a s ubs trate there woul d  be some di ffi cul ty i n  expl a i n i n g  the 

sh i ft i n  pos i ti on of Mg++ duri ng reacti on . However ,  the separate 

b i ndi ng of Mg++ readi ly suggests that i t  bri dges the phosphate group 

of  phosphoenol pyruvate and the termi nal phos phate group of  ADP , 

as s i st i ng the phosphoryl ati on of the l a tter , and u l t imately bei ng 

e l imi nated bound between the e - and y - phosphate groups of  ATP . "  

The el ucidation of the . reacti on mechani sm o f  the P . shermani i  

pyruvate k i nase woul d  i nvol ve very i ntens i ve k i neti c s tudi es and 

th i s  was not one of the a ims of th i s  work . Thus  no a ttempt was made 

to determi ne whether the acti ve speci e s  of the adeni ne d i nuc l eoti de 

was ADP3- or  ADPMg- or a comb i nati on of the two , and i ns tead the 
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concentration of the nucl eot ide was expressed s imply as ADP , mean i ng 

the total ADP i n  the assay .  

To determi ne the concentrati ons of ADP and Mg++ requ i red to 

g i ve maxi mum acti vation of the pyruvate k i nase the rel ationshi p 

between act i vi ty and ADP concentration was fo l l owed at 7 di fferent 

Mg++ concentrations and i s  shown i n  F igure 4 . 3 . 1 1 . 3 . From thi s 

fi gure i t  \'Jas concl uded that 20 nt·1 Mg ++ and 2 . 0  nt-1 ADP were the 

optimum concentrations for the P . sherman i i  enzyme and these were 

used as the standard cond i t i ons for Mg++ and ADP throughout th i s  study . 

Fi gure 4 . 3 . 1 1 . 3  al so shows that h i gh ADP concentrations i nh i bi t 

the reaction and th i s  i s  enhanced at non-saturating Mg++ concentrations . 

Secondary pl ots of the data i n  F i gure 4 . 3 . 1 1 . 3 g i ve a Mg0 • 5v 

val ue of 4 . 5  mM Mg++ and an i nteraction coeffi cient of 3 . 45 wh i ch 

compare favourabl y wi th the data presented i n  Section 4 . 3 . 1 1 . 1 .  A 

secondary pl ot of Vmax versus Mg++ concentrati on s hows that h i gh 

concentrations of Mg++ i nh i bi t the react ion .  

4 . 3 . 12 Effect of r�n++ on  the PEP Saturati on Curve of Pyruvate Ki nase 

Mn++ can frequent ly  repl ace Mg++ as the d i val ent cat ion i n  

pyruvate kinase reacti ons and several workers have found that i t  

enhances the b i nd ing  o f  PEP ( Tuomi nen and Bernhl or ,  197 1 ;  Waygood and 

Sanwal , 1974 ;  Crow , 1975 ) . 

The rel ationsh i p  between P . s hermani i pyruvate k i nase and PEP 

concentration  was i nvest i gated i n  the presence of 20 mM Mn++ i nstead 

of 20 mt1 Mg++ and i s  shown i n  Fi gure 4 . 3 . 12 .  The i nteracti on 

coeffi c i ent for the rel ati onsh i p  was 1 . 66 and the PEPo . sv val ue was 

0 . 19 nt1 PEP , both of wh i ch are s i gn i fi cantly 1 0\'t'er than for the 
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E F F ECT O F  MnC 1 2 CONCENTRATION ON T H E  P E P  SATU RATION C U R V E  
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The figure shows the relationship between pyruvate 
kinase activity and PEP concentration in the presence 

of MnC 1 2. Reaction conditions as specified in 
Section 4.3. 1 .  except that the MgC 1 2 was replaced 

with 20 mM MnC 1 2. Enzyme concentration : 2.0 
ll9 protein per assay. 
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rel at i onsh i p  when us i ng Mg++ a s  the d i val ent cat ion . Thus i t  appears 

that Mn++ l owers the cooperati vi ty of the rate versus PEP 

rel ati onshi p as wel l as  i ncrea s i ng the bi ndi ng of PEP . The Vmax from 

Fi gure 4 . 3 . 12 was 19 . 2  uni ts/mg wh i ch was on ly hal f the val ue 

obtai ned usi ng Mg++ a s  the d i val ent cat ion .  

4 . 3 . 13 Effect of Varyi ng G6P Concentration on Pyruvate Ki nase 

Acti vi ty 

The effect of i ncreasi ng G6P concentration on the acti vi ty 

of P . shermani i pyruvate k i nase \'/as  fo l l owed under both saturati ng 

and non- saturati ng concentrations of PEP ( 5 . 0 mM and 0 . 5  mM) 

{Fi gure 4 . 3 . 13 ) . At 5 . 0  nt-1 PEP add it ion of G6P caused a s l i ght but 

di sti nct i nh ib i t i on of act i v i ty ( about 10% i nh ib i ti on at 2 . 0  mM 

G6P ) , wh i l e at 0 . 5  mM PEP the addi tion of G6P markedly acti vated 

the rate (6-fol d acti vati on at 6 . 0  �1 G6P ) .  

When graphed a s  an H i l l  pl ot the data i n  Fi gure 4 . 3 . 13 yiel d an 

i nteraction coeffi cient of 1 . 0  for the G6P acti vati on ( at 0 . 5  mM PEP } . 

The G6Po . sv val ue obta i ned \'Jas 0 . 7  rri� G6P .  

4 . 3 . 14 Effect  of Varyi ng ATP Concentrati on on Pyruvate Ki nase 

Acti v i ty 

The effect of i ncreasi ng ATP concentrati ons on the enzyme 

acti vi ty was determi ned at 3 di fferent PEP concentrations ( F i gure 

4 . 3 . 14 ) . ATP was a potent i nh i bi tor of the pyruvate ki nase at a l l 

PEP concentrations caus i ng a l most total i nh i bi tion of the standard 

assay ( 5 . 0  mM PEP)  at 10 mM ATP .  
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E F F ECT O F  GGP CONCENTRATION O N  PYR UVATE KI NASE ACT I V I TY 
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concentration on pyruvate k inase activity under both 
saturating and non-saturating concentrations of PEP. 
Reaction conditions as specified in Section 4.3. 1. with 
GGP concentration as indicated and either 4 5.0 mM 
PEP or • 0.5 mM PEP. Enzyme concentration : 1 . 5  
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E F F ECT O F  ATP CONCENTRATION O N  PYUVAT E K I NASE ACT I V I T Y  
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The figure shows the effect of  increasing A TP 

concentration on pyruvate k inase activity at  3 d i f ferent 

P E P  concentrations. Reaction conditions as specified in 

Section 4.3. 1 .  with A TP concentration as ind i cated and 

• 5.0 mM P E P, -" 1 .25 mM PEP, or e 0.5 mM PEP. 

Enzyme concentration : 2. 1 11g protein per assay. 

F igure 4.3. 1 5  

E F F EC T  O F  Pi CONCENT R A T I ON O N  P Y R UVATE K I NASE ACTI V I TY 
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The figure shows the effect of  increasing Pi concentration 

on pyruvate k inase activity at 0.5 mM PEP. Reaction 

conditions as specified in Section 4.3. 1. with P1 
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Tabl e 4 . 3 . 14 Effect of  ATP concentrati on on pyruvate ki nase 

acti vi tya . 

PEP Concentrati on I nteracti on Coeffi ci entsb ATPo . 5v 

(mM} nH ( 1 }  nH ( 2 }  {mM) 

5 . 00 -1 . 8  - 7 . 0  6 . 2  

1 . 25 - 1 . 5  -4 . 5  2 . 5  

0 . 50 - 1 . 1  -2 . 9  1 . 8  

a Reaction condi t i ons as s peci fied i n  Section 4 . 3 . 1 wi th PEP 

concentration as i nd i cated . Enzyme concentration : 2 . 1  pg 

prote i n  per a ssay. 

b 

b Estimated graph i cal l y  from H i l l  pl ots us i ng  the acti vi ty obtai ned 

at zero ATP concentration as the Vmax· 
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Tab le  4 . 3 . 14 shows the parameters obtai ned from H i l l p l ots of 

the experiment descri bed . At al l PEP concentrations the Hi l l  pl ots 

were bi phas i c  wi th the s l ope becomi ng much steeper at hi gher ATP 

concentrati ons . Thi s s uggests that there may be di fferent 

mechani sms i nvol ved i n  ATP i nh i b i tion at the h i gher concentrations . 

I t  may be acti ng at an al l oster ic  bi ndi ng s i te ,  by the chel at ion of  

Mg++ , by competi tion wi th ADP for i ts subs trate bi ndi ng s i te ,  or a 

combi nation of these pos s i bi l i ti es . The chel ation of Mg++ i s  mos t  

l i kely to be important at h i gh ATP concen trati ons . 

Tabl e 4 . 3 . 14 shows that the b inding of ATP i s  affected by the 

PEP concentrati on . The ATP0 • 5v val ues decrease from 6 . 2  mM ATP at  

5 .0  mM PEP  to 1 . 8  mf� ATP at  0 . 5  mM PEP  sugges ting that the ATP 

b indi ng i s  stronger at non-saturati ng l evel s of substrate . 

4 . 3 . 15 Effect of Varyi ng Pi Concentrati on on Pyruvate Ki nase 

Activ i ty 

The effect of increa s i ng Pi concentration on the enzyme acti v i ty 

was stud ied at 0 . 5  mM PEP and i s  s hown i n  Fi gure 4 . 3 . 15 .  l i ke ATP , 

Pi was a potent i nh i b i tor of  the P . s herman i i  pyruvate k i nase and 

under these cond i ti ons gave a P i val ue of 1 . 4  mM Pi . The · 
0 . 5V 

i nteraction coeffi ci ent for P ; was -1 . 5  and was not b i phas i c as  was 

the case wi th ATP .  

4 . 3 . 16 I nteraction Between G6P and ATP or P; i n  the Re l ationship 

Beb,reen Pyruvate Ki nase Acti vi ty and PEP Concentration 

Havi ng determi ned what appear to be the major effectors of the 

P . sherman i i  enzyme a s tudy was made o f  the i nteraction between the 

activator G6P and each of the two i nh i b i tors , ATP and Pi • i n  the i r  
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effect o n  the rel ationsh i p between pyruvate k i nase acti v i ty and PEP 

concentration (wh i ch was descri bed i n  detai l i n  Secti on 4 . 3 . 8) . 

The effect of G6P (4 . 0  m�) and ATP ( 6 . 0  mM) on the rel at ionsh i p  

between acti vi ty and PEP concentrati on i s  shown i n  Fi gure 4 . 3 . 16 ( a )  

and the effect of G6P ( 4 . 0  mM) and Pi ( 6 . 0  mM )  o n  the rel at i onsh i p 

i n  F i gure 4 . 3 . 16 ( b ) . The data from these 2 graphs are summari sed i n  

Tabl e 4 . 3 . 16 .  G6P ,  ATP and Pi al l l owered the cooperati v i ty o f  the 

PEP b i nd ing  al though none of them compl etel y abol i shed i t .  The 

three effectors s i mi l arl y al l caused a decrease i n  the Vmax ( as 

determi ned by the method of  Endrenyi et !! ( 1975 ) ) Pi be i ng the most 

effecti ve , l oweri ng i t  from 52 .4 un i ts/mg to 7 . 3  un i ts/mg . 

The most  s i gn i fi cant effects of G6P ,  ATP and P i however were 

on the PEP0 • 5y val ues . G6P ( 4 . 0  mM) markedly  l owered the PEP0 • 5y 

from 0 . 75 mM PEP to 0 . 17 mM PEP ; ATP ( 6 .0 mM) i ncreased i t  to 

2 . 45 mM PEP wh i l e  Pi ( 6 .0  mM) al so  i ncreased i t  to 1 . 85 mM PEP .  Thus 

G6P acti vates by enhanci ng the bi nd i ng of PEP wh i l e  the i nhi bi tors , 

ATP and Pi • weaken i t . 4 . 0  mM G6P was abl e to reverse the i nh i b i ti on 

by both ATP and Pi • l oweri ng the PEPo . sv val ues to 0 . 34 mM PEP and 

0 . 46 mM PEP i n  the presence of 6 .0 �� ATP and 6 .0 mM P; respecti vely .  

The reversal of ATP and Pi i nh i b i ti on by the acti vator G6P may 

be a key feature of the i n  vi vo regu l ation of P . shermani i  pyruvate 

k i nase . Thus physi ol ogi cal s i tuations promoting a h i gh l evel of 

G6P i n  the cel l coul d cause a reacti vati on of the enzyme depressed 

by ATP and/or P i i nh i b i ti on .  

4 . 3. 17 Effect of pH on the Ki net i c  and Al l o steri c Properties 

of Pyruvate Ki nase 

The al losteri c propert ies of a number of pyruvate k i nases 
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I N T E RACTION B E T W E E N  GGP A N D  A T P  OR Pi O N  T H E  P E P  SAT U RATION C U RV E  
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Figure (a) shows the effect of GGP ami ATP on the relationship between pyruvate kinase activi ty and PEP 
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as specified in Section 4.3. 1 .  with PEP concentrations and additions as indicated. Enzyrne concentration : 
2. 1 pg protein per assay. 
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Tab l e  4 . 3 . 16 The effects of G6P ,  ATP and Pi on the rel ati onsh i p 

between pyruvate ki nase acti vi ty and PEP concentrationa . 

b PEPo . 5v 
b Vmax 

c 
Add i tions nH (mM) ( un i ts/mg) 

No add i ti ons 2 . 3  0 . 75 52 . 4  

4 . 0  rrt-1 G6P 1 . 7  0 . 17 38 . 6  

6 . 0  mM ATP 1 . 6  2 . 45 28 .0  

4 . 0  mM G6P + 6 . 0  nt-1 ATP 1 . 2  0 . 34 25 . 1  

6 . 0 JTt.1 Pi 1 . 9 1 . 85 7 . 3  

4 . 0  mM G6P + 6 . 0  mM Pi 1 . 9  0 . 46 30 . 9  

a Reaction condi ti ons  a s  s peci fi ed i n  Section 4 . 3 . 1 .  Enzyme 

concentrati on : 2 . 1 pg prote i n  per assay .  

b Est imated graph i cal l y  from Hi l l  pl ots us ing  Vmax val ues determi ned 

by the method of Endrenyi et !! ( 1975 ) . 

c Determi ned d i rectly from s l ope and i ntercept of Endrenyi pl ot.  
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have been found to be dependent on pH . Rabbi t l i ver ( type l )  

pyruvate k i nase ( I rv ing  and Wi l l i ams , 1973) obeys Mi chael i s -Menten 

k i neti cs wi th respect to PEP bel ow pH 7 . 0  and i s  l argely  unaffected 

by FBP.  However as  the pH i s  rai sed the k i neti c res ponse to varyi ng 

PEP concentrations becomes i ncrea s i ng ly  s i gmo i dal and FBP 

acti vati on i s  more pronounced . The pH of the assay buffer i s  al so 

important in determi n i ng  the al l osteri c propert ies  of the rabb i t  

mus cl e  ( type M )  pyruvate k i nase ( Ph i l l i ps and Ai n sworth , 1977) , 

cooperati vi ty of s ubstrate b i nd i ng aga i n  i ncreas i ng wi th pH . 

The i nvol vement of pH i n  determi n ing  the al l osteri c properti es 

of pyruvate k i nases  i s  al so wi despread i n  bacteri al  and fungal 

enzyme s ,  be i ng i mportant in E . co l i ( type I I )  ( Waygood et !l, 1975 ) , 

N . cra s sa ( Kapoor and Tronsgard , 1972 ) , yea st ( Seubert and Schoner , 

1971 )  and S . l acti s ( Crow , 1975 ) pyruvate k i nases . 

4 . 3 . 17 . 1  Effect of  pH on  the PEP s aturation curve 

Al l of the k i neti c data descri bed i n  thi s chapter were obtai ned 

at pH 7 . 5  i n  0 . 1  M Tri ci ne/NaOH buffer .  It  was dec ided to determi ne 

whether there was any si gni fi cant change i n  the al loster i c  

properti es of  the P . s hermani i  pyruvate k i nase over the pH range 

6 . 0  to 7 . 5 .  Th i s  was accompl i s hed by s tudy i ng the rel ationsh i p  

between acti vi ty and PEP concentrati on a t  pH 6 .0 ,  6 . 5 ,  7 .0 and 7 . 5  

i n  0 . 1  M B i stri spropane/HCl buffer wh i ch conveni ently covers thi s  

pH rang� . Tab l e  4 . 3 . 17 . 1  s ummari ses the resu l ts of  th i s  experi ment. 

Al though the resul ts confi rm that pH 7 . 5  was the optimum pH in terms 

of the Vmax the cooperati vi ty of  the rel ationshi p was at i ts s trongest 

( nH 2 . 56)  at pH 7 . 0 ,  as was the PEP b i ndi ng ( PEPo . 5V 0 . 85 mM) . 



Tabl e 4 . 3 . 17 . 1  The effect o f  pH on the rel at ionsh i p  between 

pyruvate k i nase acti vi ty and PEP concentrati ona . 

pH 

6 . 0  

6 . 5  

7 . 0  

7 . 5  

2 . 0  

2 . 3  

2 . 6  

2 . 1  

b b PEPo . 5v 
{ nt-1) 

1 . 45 

1 . 18 

0 . 85 

0 . 93 

Vmax c 

{ uni ts/mg ) 

24 . 7  

29 . 2  

33 . 9  

36 . 6  

105 . 

a Reacti on condi tions as s peci fi ed i n  Section 4 . 3 . 1 except that the 

assay buffer was repl aced by 0 . 1  M MES/NaOH buffe r  at the pH 

val ues s hown . Enzyme concentrati on : 2 . 0  pg protei n per assay .  

b Estimated graph i cal ly  from Hi l l  p lots us i ng Vmax val ues determi ned 

by the method of Endrenyi et 2]_ { 1975 ) . 

c Determi ned di rectl y from s l ope and i ntercept of Endrenyi pl ot .  
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Wh i l e the effect of pH on the i nteracti on wi th PEP may not 

be a s  great as  i n  some other pyruvate k i nases i t  may have a di sti nct 

i nfl uence on the control of the P � shermani i enzyme vi a some other 

component of i ts regul atory system .  For exampl e the effect of pH 

may be more profound on the b i ndi ng of ADP and Mg++ or through 

i n teracti ng wi th the pos i ti ve and negati ve effectors of the enzyme . 

4 . 3 . 1 7 . 2  Effect of G6P and ATP on the PEP saturation curve at pH 6 . 0  

To i nve sti gate further the poss i b l e  importance o f  pH o n  the 

a l l os teri c properties of the P . shermani i  enzyme the effect of 2 .0 mM 

G6P and 5 . 0  mM ATP on the rel ationsh i p between acti vi ty and PEP 

concentration was stud ied at pH 6 . 0 i n  0 . 1  M MES/NaOH buffer ( compare 

wi th data i n  Secti on 4 . 3 . 16 at pH 7 . 5 } . Tabl e 4 . 3 . 17 . 2 shows the 

ki neti c  parameters obtai ned for the i nteracti ons descri bed at pH 6 . 0 .  

The effect o f  G6 P  ( 2 . 0 mM) on the PEP bi ndi ng was much s tronger than 

at pH 7 . 5  where i t  only l owered the H i l l  number from 2 . 33 to 1 . 74 

(Tabl e 4 . 3 . 16 ) . At pH 6 . 0 , 2 . 0  mM G6P was suffi c i ent to compl ete ly  

abol i sh the cooperati vi ty of  the PEP bi nding , l oweri ng the Hi l l  

number from 2 . 03  to 0 . 98 .  I t s  effect o n  the PEP0 _ 5v val ue , however ,  

was not as marked as i t  was at pH 7 . 5 . 

ATP al so had a more pronounced effect on the rel ationsh i p at 

pH 6 . 0  than i t  d i d  at pH 7 . 5 .  At pH 6 . 0 ,  5 .0 mM ATP caused a greater 

decrease of the i nteracti on coeffi ci ent to 1 . 26 but had i ts mai n  

effect o n  the PEP0 • 5v val ue whi ch wa� i ncreased to 5 . 0  mM PEP compared 

wi th 2 . 45 mM PEP at pH 7 . 5 (Tabl e 4 . 3 . 16 ) . 

I t  woul d appear that the i n  vi vo pH i s  l i kely to be of importance 

i n  the regul ati on of the pyruvate ki nase through i ts i nteraction wi th 
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Tabl e 4 . 3 . 1 7 . 2  The effect of  G6 P  and ATP on the rel ati onsh i p  

Addi ti ons 

No add i t ions 

2 . 0 mM G6P 

2 . 0 mM ATP 

between pyruvate k i nase acti vi ty and PEP concentration 
a at pH 6 . 0  • 

b Vmax 
c 

nH 
b PEPo . 5v 

(mM) ( un i ts/mg) 

2 . 0 0 . 80 26 . 6  

1 . 0 0 . 35 23 . 4  

1 . 3  5 . 00 19 . 1  

a Reacti on condi ti ons as s peci fi ed i n  Section 4 . 3 . 1 except that the 

assay buffer was repl aced by 0 . 1  M MES/NaOH buffer ( pH 6 . 0 ) . 

b 

Enzyme concentrat i on :  4 . 8  pg prote i n  per as say .  

Estimated graph i ca l ly  from Hi l l  pl ots us i ng Vmax val ues determi ned 

by the method of Endrenyi et 2.1 ( 1975 ) . 

c Determi ned di rectly  from s lope and i n tercept of Endrenyi pl ot .  



the po si ti ve and negati ve effectors of the reacti on .  

4 . 3 . 1 7 . 3  Re l ationsh ip between pYruvate k i nase acti v i ty and 

ADP concentration at pH 6 .0 

108. 

The effect of pH on the rel ationsh i p between acti vi ty and ADP 

concentrati on was determi ned at pH 6 . 0  i n  0 . 1  M MES/NaOH buffer ,  at 

3 .0 mM PEP.  A H i l l  plot of  the resul ts gave an i nteract ion coeffi ci ent 

of 1 . 18 and an ADP0 _ 5v val ue of 0 . 22 mM ADP . Thi s i s  qui te di fferent 

from the si tuati on at pH 7 . 5  (Tabl e 4. 3 . 9 ( a ) ) where the correspond-

i ng  parameters are 1 . 9 ( for nH ) and 0 . 34 mM ADP , agai n stress i ng the 

s i gn i fi cance o f  pH i n  determi ni ng the al l os teri c properties of the 

enzyme . 

4 . 3 . 17 . 4  Effect o f  G6P o n  the pH profi l e  o f  pyruvate ki nase 

The effect of 2 . 0  mM G6P on the pH profi l e  of P . shermani i 

pyruvate k i nase was s tud ied over the range pH 6 . 5  to 9 . 5  i n  0 . 1  M 

B i s tri s propane/HCl buffer.  The system was the same as that used i n  

Section 4 . 3 . 5  wi th the pH o f  the assay mi xtures bei ng measured 

after reaction . 

The profi l e  was determi ned at both saturating ( 5 . 0  mM) and 

non-saturati ng ( 0 . 5  mM) PEP concentrati ons i n  the presence and 

absence of 2 . 0 mM G6P ( F i gure 4 . 3 . 17 .4 ) .  At 5 . 0  mM PEP the pH 

optimum i n  the absence of G6P was pH 7 . 3  compared wi th pH 8 . 5  at 

0 . 5  mM PEP . I n  the presence of G6P however ,  the opti mum sh i fted 

from pH 7 . 8  to 7 . 2  on l oweri ng the PEP concentration .  

Both the i nh i bi tion of acti vi ty at saturat ing  PEP and the 

acti vati on at non-saturati ng PEP ( 0 . 5  mM PEP ) as described i n  

Secti on 4 . 3 . 13 were confi rmed by th i s  experi ment and i t  can be seen 
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Figure 4.3. 17 .4 

E F F ECT O F  G 6 P  ON T H E  pH P R O F I L E  O F  P Y RUVATE KI NASE 

7 

A No G6P, 5.0 mM PEP 
"' 2.0 m M  G6P, 5.0 mM PEP 

8 
pH 

9 

o No G6P, 0.5 mM PEP 
• 2.0 mM G6P, 0.5 mM PEP 

The figure snows the effect of  G6P on the pH profile of  pyruvate kinase at both 
saturating and non·saturating concentrations of PEP. Reaction conditions as specified 

1 0  

i n  Section 4.3. 1 .  except that the reaction buffer was replaced with 0. 1 M Bistrispropane/ 
HC I buffer at the pH shown and with PEP and G6P concentrations as indicated. 
Enzyme concentration : 2.0 p.g protein per assay. 
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that both were pH dependent. At pH 6 . 4 ,  2 .0 mM G6P caused 5-6 

fo l d  acti vati on of the rate at  0 . 5  mM PEP but only 1-2 fol d  at 

pH 9 . 6 .  

4 . 3 . 18 Some Ki neti c Data on the Pyruvate Ki nase i n  a Crude 

Extract from P . sherman i i  Cel l s  

1 10 .  

To ensure that the k i neti c and al l oster i c  properti es o f  the 

parti al ly  puri fi ed pyruvate k i nase as descri bed were not an arti fact 

of the puri fi cati on process ,  a bri ef  study was made of some of the 

k i net i c  properties of the enzyme i n  a crude extract.  

The crude extract was  obtai ned as descri bed i n  the puri fi cation 

scheme i ncl ud i ng an ul tracentri fuge spi n of 2 hours at 370000 gmax ·  

The extract was a lmost free of NADH-oxi das e acti v i ty whi ch was a 

probl em only when determi n i ng acti vi ti es at very l ow s ubstrate 

concentrations . I n  these cases the NADH-oxi dase acti vi ty 

was subtracted from the " pyruvate I d  nase" acti vi ty as assayed to 

g i ve the "real "  pyruvate k i nase acti vi ty.  

The rel ationsh i ps s tudi ed were those between acti vi ty and both 

PEP and ADP concentrations . The effect of G6P on the PEP rel at ion

shi p  was a l so determi ned . Tabl e 4 . 3 . 18 l i sts  the parameters obta i ned 

from these experiments and s hows that the data from enzyme i n  the 

crude extract were very s i mi l ar to those for the parti al l y  puri fi ed 

enzyme . Al though the Hi l l  numbers are s l i ghtl y l ower in  the crude 

extract for both the PEP and ADP i nteracti ons the pattern of 

cooperati vi ty and the effect of  G6P i s  the same i n  both the 

parti al ly puri fi ed enzyme and the enzyme i n  a crude extract . 
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Tabl e 4 . 3 . 18 Ki neti c data on pyruvate ki nase i n  a crude extract of 

P . s hermani i .  

( a )  Acti vi ty vers us PEP concentrati on 

b PEPo . 5v 
b Vmax 

c 
Add i ti ons nH (rrM) ( un i ts/mg ) 

No addi ti ons 2 . 0  

2 . 0 mM G6P 1 . 5  

( b )  Act i vi ty versus ADP concentrati on 

Add i t i ons 

No addi ti ons 1 . 3  

0 . 74 

0 . 25 

b PEPo . 5v 
{ rJt.1) 

0 . 30 

0 . 56 

0 . 49 

Vmax 
c 

{ un i ts/mg } 

0 . 60 

a Reacti on cond i t i ons as speci fi ed i n  Secti on 4 . 3 . 1 .  Enzyme 

concentrat i on : 270 �g prote i n  per as s ay .  

b Estimated graphi cal ly  from Hi l l  pl ots us i ng Vmax val ues determi ned 

by the method of Endrenyi et  !l ( 1975 ) . 

c Determi ned d i rectly from s l ope and i ntercept of Endrenyi pl ot . 



4 . 4  DI SCUSSION 

The P . s hermani i  pyruvate k i nase , unl i ke the mammal i an and 
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yeast  pyruvate k i nases does not requi re monoval ent cati ons for acti vi ty .  

Hess and Haeckel { 1967 ) reported that the acti va t i on of the yeast  

pyruvate k i nase by K+ and NH4
+ i ons was affected by FBP whi ch changed 

the ra te versus i on concentrati on rel ati onsh i p from a s i gmoi da l  

to a hyperbol i c  one . However,  a number of  bacteri a l  pyruvate k i nases 

share wi th the P . shermani i enzyme the l ack of a monoval ent cati on 

requi rement .  Benziman { 1969) poi nted out  that the Acetobacter 

xyl i num pyruvate ki nase not onl y was not acti vated by FBP but a l so 

had no requi rement for any monoval ent cati ons . I t  i s  i nteresting 

to note that the pyruvate ki nases from Rhodopseudomonas sphaero ides 

{ Schedel et �, 1975 ) , Pseudomonas c i tronel l ol i s { Chuang and Utter,  

1979 ) and the type I I  E .  col i enzyme { Haygood et �, 1975 ) , al l of 

whi ch have no monoval ent cati on requi rement are al so not acti vated by 

FBP . The type I pyruvate ki nase from E . co l i however, wh i ch i s  

activated by FBP , does have a monoval ent cati on requi rement for acti vi ty 

(�laygood et �, 1976 ) .  The P .  sherman i i pyruvate k i nase pro vi des a 

further exampl e of the corre l ati on between the absence of FBP acti vation 

and the absence of a monoval ent cati on requi rement . 

Li ke a l l other pyruvate ki nases studi ed the P . shermani i  enzyme 

has an absol ute requi rement for a di val ent cati on , Mg++ bei ng preferred 

to Mn++ . Under s tandard assay cond i t ions , wi th the PEP and ADP 

· concentrat ions kept constant , the response of enzyme acti vi ty to 

i ncreas i ng Ng++ concentrati on was h i ghly cooperati ve ,  havi ng a Hi l l  

coeffi ci ent of 3 . 7 .  

Both of the substrates PEP and ADP showed homotropi c cooperati vi ty 

wh i ch was l argely unaffected by the concentration of the other 

substrate . General ly  speak i ng i t  i s  unusual for more than one substrate 
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of a regul atory enzyme to show s i gmoidal b i ndi ng characteri s ti cs . 

Sanwal ( 1970) has poi nted out that for an a l l osteri c enzyme whi ch 

uti l i ses a nucl eoti de (e . g . ADP ) as the second s ubstrate i t  i s  usual ly  

the non-nucl eoti de s ubstrate wh i ch i s  the "target s ubstrate" i . e .  

whi ch shows cooperati ve b i nd ing .  However pyruvate k i nases woul d appear 

to provi de an exception to thi s general i sation as there are a number 

whi ch , l i ke the P . s hermani i enzyme , show s i gmoi dal k i neti cs  for both 

of the s ubstrates PEP and ADP (Waygood and Sanwal , 1974 ; Crow and 

Pri tchard , 1976 ; Seubert and Schoner , 1971 ) .  I n  most  of these cases , 

however, the ADP b i ndi ng i s  only cooperati ve over a l i mi ted range of 

experi mental condi tions ( see Section 4 . 3 . 9 ) . Whi l e  the s i gmoi dal nature 

of the ADP saturation curve for the P . s herman i i  enzyme i s  much reduced 

by l oweri ng the pH to 6 . 0  and the addi tion of the acti vator  G6P , i t  i s  

nonethel ess  cooperati ve over a wi de range of condi ti ons . Thus the 

P . shermani i pyruvate k i nase i s  an exampl e of  a regul atory enzyme wi th a 

very h i gh degree of cooperati vi ty of b i ndi ng of i ts s ubstrates . The 

property of cooperati v i ty has the advantage that the affi n i ty of the 

substrate for the enzyme can be decreased or i ncreased sharply over a 

narrow , thresho l d concen trati on range . Thi s  characteri s ti c  makes 

pos s i bl e  a sens i ti ve control system and i t  appears that the P . sherman i i  

pyruvate k i nase i s  wel l  s u i ted to such control . 

The parti cul ar compounds whi ch can functi on as a l l osteri c  

effectors of the P . s herman i i  pyruvate k i nase , namely  G6P , ATP and Pi 

are commonl y  found to ful fi l thi s rol e  among bacteri al pyruvate k i nases . 

The speci fi c i ty of  G6P as the only acti vator i s  however , unusual . 

Most  bacteri al pyruvate k i nases are acti vated by a number of  di fferent 

sugar phosphates and/or nucl eoti de monophosphates ( see Tab le  4 . 1 . 2 ) . 

Streptococcus mutans pyruvate k inase i s  so le ly  acti vated by G6P but , 
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unl i ke the P . shermani i enzyme , has an absol ute requi rement for G6P for 

acti vi ty ( Yamada and Carl s son , 1975 ) . 

G6P i s  a typi cal ' K ' type al l osteri c acti vator ( nomencl ature of 

Monod et !1. 1965 ) , causi ng a change from a s i gmoi da l  k i neti c response 

to a more hyperbol i c  type for the substrates PEP ,  ADP and Mg++ . I t  

acti vates not by i ncreas i ng  the maximum rate of  the reaction but by 

i ncreasi ng the b i nd i ng of the enzyme for i ts substrates ( l oweri ng the 

Ko. 5v val ues ) .  Cons ideri ng the h i gh degree of cooperati vi ty shown by 

the substrates of the P . shermani i  pyruvate ki nase thi s  abi l i ty of G6P to 

l ower thei r Ko . 5v val ues woul d provide a pl aus i bl e  mechani sm for 

regul ati ng  the act i v i ty of the pyruvate k i nase � vi vo . 

As mentioned , ATP has been found to i nhi bi t most  pyruvate ki nases 

and th i s  cou ld  be i mportant i n  rel ating the control of the enzyme to 

the energy charge of the cel l .  Atki nson ( 1977) cons i ders that the 

energy charge ( rati o of  ATP + �DP/ATP + ADP + AMP ) of the cel l i s  one 

of the major regul atory i nputs i nto many metabol i c  pathways , both 

catabol i c  and b iosyntheti c .  Thi s  i s  due to the wi despread rol e  of the 

adeni ne nucl eoti des as  common i ntermedi ates of these pathways . As one 

of the prime functions of glycolys i s  i s  to provide ATP for biosynthes i s  

and g rowth i t  woul d be expected that a regul atory ,  g lycolyti c enzyme 

l i ke pyruvate ki nase wou ld  d i spl ay a negati ve response to i ncreasi ng 

energy charge. 

The rol e  of i norganic  phosphate as  an i nh i bi tor  of a number of 

bacteri a l  pyruvate k i nases i s  not cl ear s i nce there i s  very l i tt l e 

i nformation on the factors control l i ng the i n  vi vo. l evel of thi s 

metabol i te .  Tuomi nen and Bern l ohr ( 1971)  suggest that P i may serve as  

an i ndi cator of NADH l evel s in  glycolysi ng cel l s .  P ; i s  a s ubstrate 
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of the glyceral dehyde 3-phosphate dehydrogenase reaction whi ch has 

been shown to be the rate-l imi ti ng step in gl ycolys i s  under certa in  

cond i tions ( lowry et !l• 1964) . Under condi ti ons of h i gh ATP and 

NADH , the l evel s of Pi and triose phosphate mi ght be expected to i ncrease 

rel ati ve to that of 1 , 3-di phosphoglycerate . They reason that the Pi 

l evel i n  cel l s  might be expected to decrease when the NADH l evel fal l s  

and a new s teady-state ratio of triose phosphate to 1 , 3-di phosphoglycerate 

i s  establ i shed . 

I f  the Pi l evel does change si gni fi cantly i n  vi vo under di fferent 

metabol i c  condi tions the i nhi bi tion of pyruvate k i nase by Pi coul d have 

a physi ol ogi cal ro l e .  Unl i ke most bacteri a the gl uconeogeni c  reacti on 

from pyruvate to PEP i s  catalysed i n  P . shermani i  by pyruvate , ortho

phosphate d i k inase wh i ch uses Pi as a substrate i n  the formation of 

PEP . Thus wi th Pi as a substrate of the gl uconeogeni c pathway i ts use 

as an i nh i b i tor of the glycol yti c enzyme pyruvate k inase i s  physiologic

a l ly pl aus i bl e .  PP; caused a sl i ght inh ibi tion o f  pyruvate kinase 

acti vi ty at a concentration of 2 mM, however i ts effect coul d not be 

i nvesti gated at h i gher concentrations than th i s  for techni cal reasons 

( Section 4 . 3 . 7 ) . The possi bl e  physi ol ogi cal s i gni fi cance of thi s  

i nh ib i tion i s  not cl ear. 

An important feature of the al l oster ic  control of the P . shermani i 

pyruvate ki nase i s  the abi l i ty of G6P to overcome the i nhi bi tion caused 

by ATP and Pi at l ow substrate concentrations . Th i s  i s  accompl i shed 

by l owering the PEPo . sv ( and_ possi bly ADPo . sv) val ue and thus i n  the 

presence of the inhi bitors (wh ich rai se the PEPo. sv val ue )  the acti vation 

caused by G6P i s  enhanced even further .  

It  i s  cl ear from studies on other pyruvate ki nases that pH 

frequently has a profound effect on the al l osteri c and regul atory 
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properti es o f  the enzyme . Th i s  was al so true for the P . shermani i  

enzyme . Not only was the degree o f  cooperati vi ty o f  the saturation 

curves for PEP and ADP sens i ti ve to pH (wi th the H i l l  number for the 

PEP saturation greatest at pH 7 .0 )  but the effect of G6P and ATP on 

the PEPo . sv val ues was al so strongl y i nfl uenced by pH . G6P compl etely 

abol i shed the cooperati v ity of the acti vi ty versus PEP concentrati on 

curve at pH 6 . 0  ( unl i ke the s i tuati on at pH 7 . 5) and the pH dependence 

of the G6P acti vati on coul d be cl early seen by i ts effect on the pH 

profi l e .  The pH then may pl ay an important rol e i n  the al losteri c  

properties  di spl ayed by the P . s hermani i pyruvate ki nase i n  vi vo .  

I t  i s  cl ear from the data outl i ned in  thi s chapter that the regul atory 

properti es of the pyruvate ki nase from P . shermani i  a re cons i s tent wi th 

the general properti es found for thi s enzyme i n  other bacteri a ( see 

Secti on 4 . 1 . 2) , in that i t  requ i res Mg++ for acti vi ty ,  d i spl ays s i gmoi dal  

saturati on curves  for i ts substrates , i s  acti vated by a sugar phosphate 

and i s  i nh ib i ted by a nucl eoti de tri phosphate and Pi . However , the 

speci fi c regul atory propert ies pecul i ar to the P . s he rmani i  pyruvate 

ki nase are apparently closely rel ated to the parti cu l ar b i ochemi cal 

features of thi s  organi sm.  

I n  P . s herman i i  G6P appears to act as the " feed-forward" acti vator 

of glycolys i s  and i s  al so wel l  pl aced to i nfl uence the fl ow of metabol i tes 

through the HMP pathway whi ch may operate in P . s herman i i  ( Secti on 1 . 2 ) . 

The concentrati ons of ATP and Pi requi red for s i gn i fi cant i nh i b i ti on of 

the pyruvate ki nase acti vi ty n . s mM ATP and 1 . 4  mM Pi gi vi ng 50% i nh i b

i tion at 0 . 5  mM PEP) are comparabl e to those reported for other 

bacterial  pyruvate ki nases ( Schedel  et !l• 1975 ; Ng and Hami l ton , 1975)  

and , at l east i n  the case of ATP ,  wi thi n the range of concentrations 

found i n  v i vo ( Cook et !l• 1976 ; Chapman and Atki nson , 1977) . Inhi b it ion 
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by ATP and pos s i bly  P ;  woul d provi de a mechan i sm by wh i ch the pyruvate 

k i nase coul d be regul ated i n  vi vo as demonstrated by Wi l ke and 

Schl egel ( 1975 )  for Al cal i genes eutrophus . However when suppl i ed wi th 

a glycolyti c s ubstrate such as gl ucose the i ncreased l evel of G6P 

woul d overcome the i nh i bi t ion by ATP and/or Pi and permi t acti ve 

glycolys i s .  

The measurement o f  subs trate and effector concentrati ons i n  v i vo - --
i s  requi red to s ubstanti ate thi s  proposed mechan i sm for control of 

pyruva te ki nase in  P . s herman i i .  Thi s i s  the s ubject of the fol l owi ng 

chapters . 



Chapter 5 

IN  V IVO LEVELS OF METABOL ITES IN P . SHERMAN I I GROW ING 

UNDER D I FFERENT NUTRITIONAL CONDITIONS 



5 . 1  I NTRODUCT ION 
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The data presented in the previ ous chapter provi de a pl aus i bl e  

mechan i sm whereby the act iv ity o f  pyruvate ki nase may be contro l l ed 

so that i t  woul d be acti ve under condi tions where rapi d  glycolys i s  i s  

requi red {growth on gl ucose or gl ycerol ) but inacti ve duri ng growth on 

substrates such as l actate where carbohydrate synthesi s must prevai l .  

Much of the rest of thi s thesi s i s  di rected towards a s tudy of the 

l evel s  of metabol i tes i n  P . shermani i  cel l s  under a variety of condi ti ons 

i n  an endeavour to assess the si gni fi cance of th i s  mechani sm in control l ing 

pyruvate k i nase acti vi ty in vi vo .  The fi rst part of thi s  chapter 

descri bes some prel imi nary work on resti ng cel l suspensi ons whi l e 

subsequent parts deal with metabol i te l evel s i n  growi ng cel l s  i n  batch and 

conti nuous cul tures .  

5 . 2  COMPARISON O F  METABOL ITE LEVELS I N  REST ING CELL SUSPENSI ONS 

US I NG 14c-LABELLED CARBON SOURCES 

The use of washed resti ng cel l  suspens i ons as a system for studyi ng 

metabol i te l evel s  i n  P . shermani i  was ori g i nal ly i nvesti gated for two 

reasons . 

F i rstly ,  the metabol i sm of a parti cul ar carbon source can be studi ed 

under ful l y  defi ned condi tions without compl i cati ons due to cel l growth . 

Furthermore compari sons can be made of the metabol i sm of a parti cul ar 

carbon source by cel l s  grown on di fferent carbon sources . For exampl e ,  

by compari ng the metabol i sm of gl ucose by l actate , gl ucose and glycerol 

grown cel l s  i t  shoul d be poss i bl e  to assess the importance of di fferences · 

i n  enzyme l evel s  and uptake systems that may be i nduced by growth on a 

parti cul ar carbon source . 
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The second cons ideration is  that there are practi cal advantages i n  

us ing washed cel l  s u spens i ons .  Much denser suspens i ons of ce l l s  can be 

obtai ned , faci l i tati ng the determi nati on of metabol i tes present at 

l ow concentrati ons . Al so very rapi d  "quench ing" of metabol i sm i s  possi bl e  

thus minimi s i ng changes i n  metabol i te concentrations wh i ch mi ght occur 

between sampl i ng and ki l l i ng of cel l s  ( these cons iderations wi l l  be deal t 

wi th i n  Secti on 5 . 3 . 1 ) . 

A good example of the use of washed cel l  suspensions to study i n  vi vo 

metabol i te leve l s  in  rel ati on to the control of  pyruvate k i nase i s  

prov i ded by the work o f  Thompson and Thomas ( 1977 ) on Streptococcus l acti s .  

However a major assumption i n  us i ng washed cel l  suspensi ons i n  

metabol i c  s tudi es  i s  that the procedure of removing cel l s  from a growth 

medi um and resuspending them i n  a s impl e medi um l ack i ng many of the 

components requi red for growth does not greatly d i stort the "normal " 

metabol i sm under study .  I n  a n  organ i sm s uch a s  P . shermani i ,  whi ch i s  qui te 

sensi ti ve to the presence of oxygen , washi ng and resuspensi on may bri ng 

about i rrevers i ble  damage to the cel l .  Schwartz et � ( 1976) studied the 

effect of aerati on on resti ng cel l suspens i ons of P . shermani i and found 

that the cel l s  remained vi ab le  when subjected to oxygen ,  however 

propionate producti on was d imi n i shed upon return ing the suspensi on to 

anaerobi c condi ti ons . Thus wh i l e  the resti ng cel l suspensi ons were abl e  

to ferment gl ucose to propi onate and acetate under  anaerobi c condi tions 

Schwartz et � ( 1976 ) coul d not excl ude the possi bi l i ty that the cel l s  

may have been i njured' by the aerobi c was h i ng procedure . 

A consi derabl e amount of time was spent i n  attempti ng to assess the 

abi l i ty of res ti ng cel l s  of P . shermani i to metabol i se gl ucose , glycerol  
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and l actate . I t  was found that whi l e  a l l  three carbon sources were 

metabol i sed wi th the producti on of the normal end-products , the rates 

of metabol i sm were sl ower than those i n  growing cel l  cul tures and the 

time course curves of substrate uti l i sati on more complex .  

Consequently onl y some prel i mi nary studi es on the metabol i sm of 

14c-l abel l ed substrates by resti ng cel l s  are i ncl uded in  th i s  thes i s .  

Thi s  work has been i ncl uded s i nce i t  gi ves strong semi quanti tati ve 

confi rmati on of the resul ts presented i n  l ater secti ons on i n  vi vo metabol 

i te l evel s .  

I n  thi s study suspens ions of cel l s  grown on the appropri ate carbon 

source were resuspended i n  a buffered sol uti on of the same carbon source 

l abel l ed wi th 14c .  After 2 mi n the 14c-l abel l ed i ntermedi ates were 

extracted , separated by thi n-l ayer chromatography and the i ntermedi ates 

detected by radioscanni ng and autoradiography . The 2 mi n sampl i ng time 

was arri ved at on the bas i s  of earl i er  time-course studi es whi ch showed 

rap i d  substrate uti l i sati on for 2 mi n fol l owed by a much s l ower rate . 

Th i s  procedure gi ves a profi l e  of the rel ati ve pool s i zes of the major 

i ntermedi ates formed duri ng uti l i sation of  the di fferent carbon substrates 

and ass i sted i n  the sel ecti on of those i ntermedi ates to be determi ned by 

subsequent fl uorometri c analysi s .  

5 . 2 . 1  Preparat ion of Resti ng Cel l Suspensi ons 

P . s hermani i was grown under standard condi ti ons { Sect ion 3 . 3) i n  

2 . 5 .  1 of the defi ned medi um contai n i ng l actate , gl ucose o r  glycerol  as 

the carbon source . Cel l s  were harvested at the mi d-logari thmi c phase 

of growth by centri fugati on at 10000 g { 10 mi n ,  room temperature ) , 

resuspended i n  10 w� Tri ci ne/NaOH buffer { pH 7 . 5 ) wh i ch had been degassed , 

and centri fuged aga i n  at 10000 g { 5  mi n ,  room temperature ) .  The pel l et 
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was aga i n  resuspended to a concentrati on o f  10 mg (wet wei ght}tcm3 

in  the degassed 10 mM Tri ci ne/NaOH buffer ( pH 7 . 5 )  at  30°C and bubbl ed 

through wi th 95% N2 , 5% co2 gas mi xture to ma i ntai n anaerobi c  condi ti ons .  

5 . 2 . 2  label l i ng and Separat ion of Glycolyti c Intermedi ates 

An a l i quot ( 5 . 0  cm3) of each suspension was pl aced in a 25 cm3 

con i cal fl ask ( sti l l  under 95% N2 , 5% co2 } for 5 mi n on a shaking water 

bath at 30°C .  Then ;-1-14c�1 actate ( speci fi c acti vi ty 0 . 4  �Ci /�mol ; 

5 mM l actate ) , or ;-u-14c�gl ucose ( speci fi c acti vi ty 0 . 8  �Ci /�mol ; 2 . 5  mM 

gl ucose) ,  or ;-1-14c�gl ycerol ( s peci fi c acti vi ty 0 . 8  �Ci/�ol ; 2 . 5  mM 

glycerol ) was i njected i nto the appropri ate cel l suspension , i .e .  14c-l actate 

was used for ce l l s  grown on l actate , and so on . 

After 2 mi n further s haki ng ( 30°C ,  under 95% N2 , 5% co2 ) the enti re 

contents of each fl ask were rapidly fi l tered through a 0 . 8  pm Mi l l i pore 

fi l ter and the fi l ter qu i ckly pl aced i nto 5 .0 cm3 col d 10% tri chl oro

aceti c aci d sol uti on for 30 mi n .  Extracts were then prepared accordi ng 

to the method of Thompson ( 1978) . 

Tri chl oroaceti c aci d was extracted by 5 x 5 . 0  cm3 washes wi th water

saturated ether.  The extracts were neutral i sed wi th sol i d  KHC03 , frozen 

and freeze-dri ed .  

After freeze-drying the extracts were taken u p  i n  200 � 1  d i s ti l l ed ,  

dei oni sed water for analysi s by thi n-l ayer chromatography on pre-coated 

polyethyl eneimi ne-cel l ul ose pl ates ( 5  x 20 cm) (Macherey-Nagel and Co . ,  

Germany) .  Separati on was carri ed out by the two sol vent  system of 

Thompson ( 1978) . Extracts ( 10 �1 } were appl i ed as a thi n  streak i n  

a l i ne 2 cm from the bottom o f  the pl ate .  The pl ate was devel oped i n  

di sti l l ed ,  dei oni sed water to wi thi n 1 cm of the top .  After thorough 

dryi ng the pl ate was devel oped in the second sol vent ( 0 . 5 M L iCl : 2M 
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formi c aci d ( 1 : 1 ) )  to about 3-4 cm from the fi rst sol vent front. 

After dry ing ,  the radi oacti ve bands were detected i ni ti al ly by 

scanni ng on a Packard Series 7200 Rad iochromatogram Scanner and more 

accurately by autoradi ography on Kodi rex Xray fi lm  wi th 7 days exposure . 

Identi fi cati on of radi oacti ve bands was made by co-chromatography usi ng 

a wide range of standard marker compounds .  

One or more of the fol l owi ng markers ( us i ng 5-10 nmol of each } were 

appl i ed and devel oped as for the extracts : G6P , 6-PG , F6P ,  ri bose 5-P , 

Ga 3-P , DHAP , 3-PGA, FBP , PEP and glycerol 3-P . The marker compounds 

were detected after chromatography by di ppi ng the dri ed l ayer i nto a 

sol uti on contai n i ng 0 . 1  g FeC1 3 • 6H2o ,  7 g 5-sul phosal i cyl i c  aci d ,  

25 cm3 water and  ethanol to a fi nal vol ume of 100 cm3 . Phos phoryl ated 

compounds appeared as wh i te fl uorescent spots agai nst a purpl e background 

whi ch faded i n  about 10 mi n but wh i ch reappeared to assume their  ori gi nal 

i ntens i ty after 24-48 h and were then stabl e for several weeks . 

Autoradi ographs and radi oscans of extracts prepared wi th 

�1-14c_]l actate , �u-14c_7gl ucose and �t-14c_]glycerol are s hown i n  

Fi gure 5 . 2 . 2 .  The res i dual 14c-gl ucose or 14c-glycerol i n  the extracts 

was washed to the top of the pl ate by the fi rst sol vent and thus di d not 

i nterfere wi th the l abel l ed i ntermedi ate s .  However, i n  the case o f  

l actate the res i dual 14c-l actate band was very close to the G6P/F6P 

band . Most  of  the resi dual l actate coul d be removed by washi ng the 

cel l s  on the Mi l l i pore fi l ter wi th a portion (3 cm3} of col d buffer.  By 

comparing a chromatogram of thi s  extract (wi th no res i dual 14c-l actat� } 

and the one shown i n  Fi gure 5 . 2 . 2  for the 14c-l actate extract the 

radioacti ve l actate band coul d be i denti fi ed . 
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The fol l owing Rf val ues were obtai ned for the markers used : 

Ga 3-P , 0 . 90 ;  a-glycerol 3-P , 0 . 78 ;  G6P ,  0 . 68 ;  F6P , 0 . 68 ;  

ri bose 5-P , 0 . 55 ;  6-PG , 0 . 52 ;  OHAP , 0 . 53 ;  3-PGA,  0 . 43 ;  PEP ,  0 . 39 ;  

FBP , 0 . 24 .  However,  the chromatograph i c  procedure was very sens i ti ve 

to the presence of sal ts i n  the l abel l ed extracts which caused large 

shi fts i n  the Rf val ues obtai ned for the ma rkers . Thus i denti fi cati on 

of radi oacti ve bands was accompl i s hed by runn i ng the markers concurrently 

wi th the l abel l ed extracts . Radi oacti ve bands i denti fi ed in the 

extracts were FBP , whi ch appeared as a fa int band i n  a l l  three extracts 

but was more promi nent i n  the glycerol extract , traces of PEP and OHAP 

and , most cl early ,  a G6P/F6P band ( these two compounds were not cl early 

separated by thi s  procedure ) .  

The mai n  di fference between the three autoradi ographs was that the 

G6P/F6P band was much more i ntense i n  the gl ucose and glycerol extracts 

than i n  the l actate extract ( al though i ts i denti fi cati on here was often 

made di ffi cul t by the l abel l ed l actate band) . Several uni denti fi ed 

bands were also present. The band l abel l ed � in F igure 5 . 2 . 2  was always 

present , i ts pos i ti on and sharpness  bei ng strongly affected by the 

presence of sal ts . Bands �, £ and i al l ran faster than the G6P/F6P 

markers and had Rf val ues s imi l ar to those of a -glycerophosphate and 

glyceral dehyde 3-P but none of the bands coul d be pos i ti vely i denti fi ed 

as ei ther of these by co-chromatography. I n  the extract from cel l s  

metabol i s i ng glycerol band � i n  parti cul ar  was a major band wi th a l evel 

of radi oacti vi ty comparabl e to that of the G6P/F6P band .  

5 . 3  IN V IVO CONCENTRATIONS OF METABOL ITES I N  BATCH AND CONT INUOUS 

CULTURES OF P . SHERMAN I I  

The measurement of  metabol i te concentrations i n  vi vo can provi de 

evi dence for the operation of control mechan i sms whi ch have been 



126 . 

postul ated from i n  vi tro stud i es on i sol ated enzymes . Thi s  i s  especi al l y  

so i n  bacteri a where the un i formi ty o f  cel l type , mi n imum of compartment

ation and the ease wi th whi ch the cel l envi ronment can be contro l l ed 

offer a s impl er system than i s  the case wi th di fferenti ated eukaryoti c 

tissues . Methods are now ava i l abl e for the measurement of a wi de range 

of metabol i tes i n  bacteri a ( Lowry et !!._, 1971 ; Cook et !!._, 1976 ) . 

I n  th i s  secti on the i n  v i vo l evel s  of vari ous metabol i tes determi ned 

duri ng growth of P . shennani i on the three susbstrates l actate , gl ucose and 

glycerol are reported.  The parti cul ar metabol i tes determi ned were 

selected on the bas i s  of the data from 14c l abel l i ng of i ntermedi ates 

( Secti on 5 . 2 . 2 )  and from a knowl edge of the compounds affecti ng the 

acti vi ty of pyruvate ki nase i n  vi tro ( Chapter 4) as wel l as the 

avai l abi l i ty of sui tabl e assay methods . The l evel s of G6P ,  F6P , FBP , tri ose 

phosphates , PE� pyruvate , ADP and ATP were determi ned i n  both batch and 

conti nuous cul tures of P . s hermani i .  

I n  addi tion to measuri ng metabol i te l evel s ,  data were al so col l ected 

on growth yi el ds , substrate uti l i sati on , product formation and enzyme 

l evel s i n  an attempt to gai n  some i ns i ght  i nto the rel ati ve i mportance 

of the di fferent metabol i c  pathways duri ng growth on the three substrates . 

Th i s  study was carri ed out us i ng the ful ly defi ned medi um ( Section 

3 . 2 )  for both batch and conti nuous cul tures . Batch cul tures enabl e 

the metabol i sm of the organi sm to be stud ied at i ts maxi mum growth rate 

( i n  mi d-l ogari thmi c phase ) i n  the presence of a rel ati vely hi gh l evel 

of the carbon source . However,  compari son of metabol i c  rates , enzyme 

act i vi t i es and metabol i te l evel s between cul tures grown on di fferent 

carbon sources is  compl i cated by the fact that the maxi mum growth rates 

di ffer on the di fferent carbon sources ( Secti on 3 .4 ) . 
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To overcome thi s probl em the growth of P . s hermani i  was al so studi ed 

i n  conti nuous cul tures on the three substrates . Continuous cul tures 

al l ow the bacteri a to be grown at constant predetermi ned submaximal  

rates in  wh i ch the envi ronment does not change wi th time and metabol i sm 

on di fferent carbon sources can be compared under the same condi tions . 

5 . 3 . 1 Compari son of Extracti on Procedures for Analys i s  of Glycolyti c 

Intermedi ates 

Measurement of i nternal l evel s of metabol i tes i n  bacteri a by 

enzymati c/fl uorometri c techni ques i nvol ves determi nat ion of very smal l 

amounts of these compounds . In  cul tures of P . shermani i used i n  thi s 

i nvesti gation ce l l  concentrati ons were usual ly l ess than 1 .0 mg dry 

wei ght/cm3 • I n  order to obtai n a suffi ci ent concentration of cel l s  to 

enabl e accurate estimation of the metabol i te l evel s an extracti on 

procedure i s  requ i red which  concentrates the cel l s  at the same time 

as  i t  quenches cel l ul ar reacti ons and di srupts the cel l s .  Th i s  can 

be conven i ently accompl i shed by fi l teri ng a rel ati vely l arge vol ume of 

the cul ture medi um through a fi ne fi l ter wh i ch retai ns the cel l s  and 

i s  then rapi dly pl aced i nto a smal l er vol ume of the extraction sol uti on . 

However thi s procedure i nvol ves a del ay peri od of 10-15 sec {wh i l e  the 

fi l ter i s  bei ng transferred to the extracti on sol uti on ) duri ng wh i ch 

ti me the cel l s  are not surrounded by cul ture medi um. Thus they are 

i n  a temporari l y  starved s i tuation wh i ch may affect the l evel s of 

cel l ul ar metabol i tes i f  thei r rate of turnover is  rapi d .  

By usi ng washed cel l suspens ions , contain ing  h i gh cel l concentrations , 

methods for the di rect quench i ng of reacti ons and di sruption of cel l s  

can be empl oyed wh i ch have no bui l t- i n  del ay peri od . Th i s  can be 

achi eved ei ther by di rect i njecti on of perchl ori c acid  i nto the cel l 

suspensi on or by the rapi d  sucti on of a measured vol ume of the suspension 
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i nto a g l ass  syri nge contai n i ng the requi red amount of perchl ori c  aci d .  

These two types of  extracti on procedures were compared us i ng a 

resti ng cel l suspens ion of P . s hermani i .  Al so the effect of the 

del ay period between samp l i ng and ki l l i ng on the level s of metabol i tes 

was i nvesti gated by del i berately i ncreasing the del ay pe ri od for the 

fi l trati on method of extracti on on cel l s  from a growi ng cul ture of 

P . shermani i .  

Cel l s  were grown to mi d-l ogari thmi c phase ( oo540 1 . 13) under standard 

condi ti ons ( Secti on 3 . 3) us i ng l actate defi ned medi um. To compare 

the effect of i ncreas i ng extracti on time on metabol i te l evel s a vol ume 

of cul ture conta in ing 17 . 5  pg dry wei ght of cel l s  was removed from 

the fermenter,  rapi dly fi l tered through a 0 . 8  pm Mi l l i pore fi l ter and 

the fi l ter pl aced at measured time i nterval s i nto a beaker contai n i ng 5 . 0  cm3 

0 . 9  M perchl ori c aci d at room temperature . Th i s  was then pl aced on i ce 

for 20  mi n before neutral i s i ng the perchlori c aci d by addi tion of 0 . 23 g 

K2co3 • The extract was cl ari fi ed by centri fugation and stored on i ce 

for analys i s .  

For compari son o f  the two extracti on procedures a resti ng  cel l 

suspens ion was prepared as i n  Secti on 5 . 2 . 1  except that the cel l s  

were resuspended to a fi nal concentrati on of  17 . 5  p g  dry wei ght/5 . 0  cm3 

i n  10 mM Tri ci ne/NaOH buffer ( pH 7 . 5 )  ( degassed ) ,  conta i ni ng 40 mM 

l actate . Two dupl i cate fl asks of cel l  suspens ion were prepared. The 

contents of one fl ask were extracted by the fi l trati on method j us t  

descri bed (wi th  a 1 5  sec del ay) wh i l e  the other was extracted by d irect 

i njecti on of concentrated perchl ori c  aci d to a final concentrati on of 

0 . 9  M ,  to represent a zero sampl i ng time . Preparati on of the extract 

was as for the fi l trati on method . 



Tabl e 5 . 3 . 1 Effect of extraction procedures on i n  vi vo 

metabol i te l evel sa . 

Extracti on Procedure 

Growi ng Cel l s  

Fi l tration + 15 sec 

Fi l trati on + 30 sec 

Fi l trati on + 60 sec 

Resti ng Cel l s  

Fi l tration + 15 sec 

Di rect i njecti on 

Metabol i te Concentrati onb 

G6P ATP 

2 . 1  2 .4 

2 . 1  2 . 1  

2 . 6  2 . 1  

3 . 5  1 . 45 

4 . 3  2 . 1  

a A compari son between the two extracti on procedures and 

di fferent del ay periods before ki l l i ng the cel l s  was made 

as descri bed i n  Section 5 . 3 . 1 .  

b G6P and ATP were estimated a s  descri bed i n  Secti on 2 .8 .  

129 . 

Metabol i te concentrati ons are expressed as nmol /pg dry wei ght  

of  cel l s .  
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I n  both experiments G6P and ATP l evel s were determi ned fl uoro

metri cal ly .  Resul ts from these two experi ments are shown i n  Tab le  

5 . 3 . 1 .  Increas i ng the del ay peri od i n  the fi l trati on procedure from 

15 to 60 seconds had very l i ttle  effect on the l evel s of both G6P 

and ATP i n  the cel l extracts . However ,  compari son of the two extraction 

procedures us i ng the washed cel l suspension showed that , when extracted 

by the di rect i njection of aci d ,  the l evel s of both G6P and ATP found 

were somewhat h i gher than when extracted by the fi l tration method wi th 

a 15 sec del ay .  

Dietzler et !! ( 1979 }  al so compared these two types of extracti on 

procedure for the measurement of metabol i tes i n  E . col i and analysed 

the extracts for ATP . I n  thei r case the ce l l ul ar l evel s  of ATP 

obtai ned by the two methods agreed we l l  for a number of di fferent 

nutri t ional condi tions . 

The fi l tration method for extraction of  cel l u l ar metabol i tes was 

the procedure used routi nely duri ng thi s  i nvesti gation due to i ts 

conveni ence for use wi th growi ng cul tures . However,  the above resul ts 

suggest that val ues obtai ned wi th thi s  procedure may possi bly represent 

sl i ghtly underesti mated val ues of the in vi vo l evel s .  

5 . 3 . 2  Batch Cul ture Stud ies 

5 . 3 . 2 . 1 Prel imi nary i nvestigati on of i n  vi vo concentrations of 

metabol i tes 

I n  the course of devel opi ng assay systems for the measurement of 

the i nternal concentrati ons of metabol i tes a prel imi nary compari son was 

made of metabol i te l evel s i n  P . shermani i  grown on three di fferent 

carbon sources . 
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300 cm3 of the defi ned medi um ( Section 3 . 2 )  was steri l i sed i n  

500 am3 coni cal fl asks , mai ntai ned at 30°C i n  a waterbath and continuously 

sparged wi th 95%· N2 , 5% co2 gas mi xture . The three fl asks were each 

i nocul ated wi th 25 cm3 of a cul ture i n  l actate defi ned medi um. Sampl es 

for measurement of metabol i tes were removed in the mi d-l ogari thmi c phase , 

rap idly fi l tered ( 0 . 8  �m Mi l l i pore fi l ter) and extracted i n  0 . 9  M perchl ori c 

aci d ( Section 5 . 3 . 1 ) . 

A set of data from thi s type of experiment i s  shown i n  Tabl e 

5 . 3 . 2 . 1 .  Several di fferent experiments of th i s  type were carri ed out and 

the resul ts were general ly i n  cl ose agreement except for the level s of 

G6P ,  whi ch vari ed greatly i n  extracts from gl ucose- and glycerol -grown 

cel l s ,  and of pyruvate whi ch varied greatly i n  extracts from l actate-

grown cel l s .  General ly,  however ,  the l evel of G6P was much h i gher i n  cel l s  

grown on gl ucose or glycerol  than i t  was i n  l actate-grown cel l s  whi l e  

the oppos ite was the case for pyruvate l evel s .  

5 . 3 . 2 . 2  Detai l ed study of metabol i te l evel s  on batch cul tures of 

P . shermani i 

A much more detai l ed s tudy of batch cul tures of P . shermani i grown 

i n  a fermenter was then carri ed out . Data were col l ected on s ubstrate 

uti l i sat ion and product formation i n  addi ti on to metabol i te l evel s .  

The cul ture condi ti ons have been descri bed earl i er ( Sect ions 3 . 2  and 3 . 3) .  

Two subsequent improvements , the addi ti on of acetate to the glycerol 

defi ned medi um and the use of a ful ly  deoxygenated N2/C02 gas mi xture 

enabl ed rel ati vely s imi l ar maximum growth rates to be obtai ned on defi ned 

medi um contai ning l actate , gl ucose and glycerol as carbon source ( see 

Section 3 . 4 ) . 

The resul ts from one s uch  set of experiments are shown i n  F i gure 
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Table  5 . 3 . 2 . 1  I n  vi vo concentrati on of metabol i tes i n  batch 

cul tures . a 

Carbon Source 
Metabol i teb 

G6P 

F6P 

FBP 

Lactate 

3 . 04 ( 1 . 9 )  

0 . 64 ( 0 . 4 )  

< 0 . 16 (<0 . 1 )  

Gl ucose Glycerol 

25 . 6  { 16 .0 )  9 . 40 ( 5 . 9 )  

1 . 90 ( 1 . 2 )  1 . 10 ( 0 . 7 )  

0 . 24 ( 0 . 15) 0 . 64 ( 0 . 4) 

Tri ose-P < 0 . 16 (<0 . 1 ) <0 . 16 (<0 . 1 ) <0 . 16 (<0 . 1 )  

PEP < 1 . 60 (<1 .0 )  < 0 .64 (<0 .4 )  < 0 .64 (<0 . 4 )  

Pyruvate 150 ( 94 )  5 . 80 ( 3 . 6 )  7 . 80 ( 4 . 9 )  

ADP 

ATP 

a 

b 

< 1 . 60 (<1 .0 )  2 . 20 ( 1 .4)  1 . 80 ( 1 . 1 ) 

1 . 80 ( 1 . 1 )  3 . 50 ( 2 . 2) 1 . 80 ( 1 . 1 ) 

The concentration of metabol i tes were determi ned i n  extracts from 

batch cul tures growi ng on l actate , gl ucose and glycerol as descri bed 

i n  Section 5 . 3 . 2 . 1 .  

Metabol i tes  were dete rmi ned as descri bed i n  Secti on 2 . 8 .  Metabol i te 

concentrations are expressed as nmol /�g dry wei ght  of cel l s . The 

val ues i n  brackets represent thei r concentrati on i n  the cel l i n  

mmol /1  assumi ng a val ue of 1 . 6 ul cel l water per mg dry wei ght  

( Secti on 2 . 9 ) . 
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5 . 3 . 2 . 2  and Tab l e  5 . 3 . 2 . 2 .  As found in Section 3 . 4  growth was fastest 

on the l actate defi ned medi um. H i gh carbon recovery val ues ( 130-150%) 

for the l actate-grown cul ture were found on four separate occas i ons . 

No sati sfactory expl anation for thi s  has been found . One poss i bi l i ty 

i s  that some of the propionate and acetate may have been deri ved from 

amino aci ds i n  the medi um as wel l as from the l actate . Quanti tati ve 

analys i s  of the resi dual ami no aci ds i n  the medi um at the time of 

sampl i ng ( us ing  a Beckman Ami no aci d Analyser) showed consi derabl e 

uti l i sati on of asparti c aci d (wh i ch was present at qui te h i gh concentrations 

in the i n i ti al medi um) and of other ami no aci ds ( present at much l ower 

concentrati ons ) .  Even assumi ng complete fermentati on o f  these to 

propionate and/or acetate the h i gh recovery cannot be ful ly  accounted 

for .  Si nce the mo l ar growth yi e ld  i s  a lmost  i denti cal to that found by 

Bauchop and E l sden ( 1960) and by de Vries et  !l ( 1973) for propioni 

bacteri a  growing on defined medi a i t  i s  un l i kely that the l actate 

estimations are i n  error.  The poss i bi l i ty of  net C02 fi xation ( equi val 

ent to the succinate produced) has been taken i nto account i n  cal cul ati ng 

carbon recoveri es . Final ly  carbon recoveri es cl ose to 100% were found 

i n  conti nuous cul ture experi ments wi th l actate as the l imi t ing  substrate . 

The h i gh carbon recoveries  i n  batch cul tures on l actate remain  an 

unsol ved probl em. Carbon recoveri es when growi ng on gl ucose or glycerol 

defi ned medi a were al ways much nearer to 100%. 

Mol ar growth yiel ds di ffered cons i derably for the d i fferent carbon 

source s .  The val ues obtai ned for the glycerol  and l actate cul tures 

( 24 and 7 . 5  respecti vely) agree wel l wi th val ues reported by de Vri es 

et !l ( 1973 ) for the closely rel ated species P . freudenrei ch i i growi ng 

on the same substrates in a semi -defi ned medi um ( 24 . 1  for glycerol and 

8 . 1  for l actate ) . However , the mol ar growth yiel d o f  94 for growth 
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Batch cul tures of P . sherman i i  on the defi ned medi um wi th e i ther 

l actate , gl ucose or glycerol as carbon source were prepared as 

descri bed in Secti on 5 . 3 . 2 . 2 .  Al l data in thi s  tabl e were 

obtai ned from sampl es taken at the ti mes i ndi cated i n  Fi gure 

5 . 3 . 2 . 2 .  

Acetate was present at a l evel o f  2 g/1 i n  the glycerol cul ture 

and i ts concentrati on d id  not devi ate from thi s  duri ng growth . 

Carbon recoveries were cal cul ated assumi ng one mole  of co2 i s  

fi xed for each mol e of succi nate produced and one mole  of co2 i s  

released for each mol e o f  acetate produced . 

Metabol i tes were determi ned as descri bed i n  Sect ion 2 . 8 .  Metabol i te 

concentrations are expressed as nmol /�g dry we i ght .  The val ues 

i n  brackets represent thei r concentrati on i n  the cel l, assumi ng  a 

val ue of 1 .6 �1 cel l  water per mg dry wei ght ( Secti on 2 . 9 ), i n mmol/1 . 

Val ues g i ven are the average of two separate detenmi nati ons which  

agreed ! 10% . 

N . D . Not determi ned . Accurate estimati on of PEP and ADP l evel s were 

not poss i bl e  i n  the presence of hi gh l evel s  of pyruvate . 
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Tabl e 5.3.2,2 Batch cul tures of P . shenmani i on l actate , gl ucose 

and g1ycerol  defi ned medi a .a 

Carbon Source 

I n i ti al Substrate ( mM) 

Res i dual Substrate at 

Sampl ing (nt-1) 

Maxi mum Growth Rate (�)  

Products at Time of 

Sampl i ng (mM) 

Propionate 

Acetate 

Succ i nate 

Carbon Recoverlc 

Cel l  Orl We ight ( g/1 ) 

Mol ar Growth Yiel d 

( g/mol ) 

I n  vi vo Leve l s  of 

MetaboH tes
d 

G6P 

F6P 

FBP 

Tri ose-P 

PEP 

Pyruvate 

ADP 

ATP 

lactate 

120 

41 

0 . 125 h -1 

72 

42 

1 

140% 

0 , 60 

7 . 6 

2 . 65 ( 1 . 65}  

0 . 72 ( 0 .45}  

< 0 . 16 (<0 . 1 ) 

0 . 37 (0 .23 )  

N . D . 

109 ( 68) 

N . D. 

2 . 2  ( 1 . 4 }  

Gl ucose Glycerol 

11 42 

6 . 3  16 . 8  

0 . 092 h-1 0 . 11 h-1 

4 . 7  19 

4 . 6  b 

1 .8 3 . 8  

11 1% 94% 

0 . 44 0 . 6 1  

94 24 

16 . 2  ( 10 . 1 }  13 . 75 ( 8 . 6 }  

0 . 85 (0 . 53} 4 . 0  ( 2 . 5 }  

< 0 , 16 (<0 . 1 } 0 .98 ( 0 . 6 1 )  

0 .45 ( 0 . 28) 0 . 44 ( 0 . 27 )  

1 .00 ( 0  .61 ) <0 . 16 (<0 . 1 ) 

4 . 2  ( 2 . 6 )  6 . 3  ( 4 . 0 )  

2 . 4  ( 1 ,  55 ) 1 . 45 ( 0 . 90 }  

2 . 1  ( 1 . 3 }  1 . 7  ( 1 . 05-) 
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on gl ucose found here was much h i gher than the correspondi ng val ue 

found by de Vri es et !l ( 1973) for P . freudenrei chi i (65 g dry wei ght/ 

mol gl ucose ) .  The h i gh mol ar growth yiel d on gl ucose was a l so found i n  

conti nuous cul tures ( Tab le  5 . 3 . 3 . 1 ) .  

The proporti ons of fermentati on end-products al so di ffered 

for the di fferent carbon so urces . For cul tures grown on l actate the 

proporti ons of products at mi d-l ogari thmi c phase of growth were 63% 

propi onate , 36% acetate and 1% succi nate , on gl ucose the proporti ons 

were 42% propionate , 41% acetate and 17% succi nate and on glycerol , 

83% propionate and 17% succi nate ( compare wi th Tabl e 3 . 4) . Thus a 

cons i derably h i gher proportion of succi nate was produced duri ng growth 

on gl ucose and glycerol than on l actate . 

Internal concentrations of the metabol i tes found i n  these cul tures 

were s i mi l ar to val ues found in the prel imi nary i nvesti gation ( Secti on 

5 . 3 . 2 . 1 ) .  G6P was much h i gher i n  cel l s  grown on gl ucose and glycerol 

than i n  l actate-grown cel l s ,  wh i l e  the reverse was the case for the 

pyruvate l evel s .  

There were al so d i sti nct di fferences i n  the concentrations o f  

several o f  the other metabol i tes determi ned , dependi ng on the carbon 

source . In  glycerol -grown cel l s  both F6P and FBP were present at 

h i gher l evel s than i n  cel l s  grown on g l ucose or l actate . Another 

di fference was i n  the l eve l of PEP wh i ch was present at the 1 .0 nmol /�g 

l evel i n  gl ucose-grown cel l s  but was l ess than 0 . 16 nmol /�g in glycerol 

grown cel l s .  However the l evel of PEP was very di ffi cul t to determi ne 

accurately when pyruvate was present ( as were the ADP l evel s )  so the 

s i gni fi cance that can be attached to these val ues i s  doubtful . In  the 

l actate cul tures the l evel of pyruvate was too h i gh to enab le  any 

reasonabl e  determi nati on of the much l ower l evel s  of ADP or PEP . 
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5 . 3 . 3  Conti nuous Cul tures 

Conti nuous cul tures of P . s herman i i  were grown i n  the 3 1 fermenter 

us ing the same medi a ,  condi ti ons and control s as descri bed for batch 

cul tures ( s ee Sections 3.3 and 5 . 3 . 2 . 2 } . The cul ture vol ume was mai ntai ned 

at 2 . 25 1 .  The i nl et was connected asepti cal ly  to a reservoi r for 

fresh medi um and the outl et port to a 30 1 steri l e  vessel to col lect 

the overfl ow cul ture . Duri ng continuous fl ow the fresh  medi um was 

pumped i nto the fermenter us i ng a peristal t i c  pump and di spl aced an 

equal vol ume out the overfl ow port . 

The medi um was i nocul ated wi th 25 cm3 of a s tarter cul ture grown 

on l actate defi ned medi um and the cul ture al l owed to grow to l ate 

l ogari thmi c phase before the conti nuous fl ow was started .  A period of 

conti nuous fl ow equal to fi ve ti mes the mean resi dence time or turnover 

time ( i . e .  approximately seven generati on times}  was al l owed for 

establ i shment of the steady-state before sampl es were taken for measure

ment of i nternal metabol i te concentrations , enzyme acti vi ties and 

substrate/product carbon bal ances . 

Regul ar moni tori ng of  the oo540 and substrate and product 

concentrations i n  the medi um were carri ed out throughout the experiments 

to ensure that the steady-states had been attai ned . 

5 . 3 . 3 . 1 Carbon bal ances duri ng conti nuous growth on l actate, gl ucose 

and glycerol  defi ned medi a 

Conti nuous cul tures were set up on the three carbon sources as 

described and steady-states achieved at two di fferent d i l ution rates 

for each s ubstrate . The l ow d i l ution rate chosen ( 0 . 04 h-1 ) was wel l 

bel ow the maximum growth rate on al l three carbon sources . At thi s  
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di l ution rate growth woul d  be carbon- l i mi ted and a compari son of 

metabol i te and enzyme leve l s  between cul tures on the three di fferent 

carbon sources at the same growth rate coul d be made . The val ues for 

the h i gher di l ut ion rate were set as cl ose as poss i bl e  to the maximum 

growth rate i n  batch cul ture but suffi ci ently  bel ow the wash-out rate 

so that  a steady-state coul d be achi eved . The object of th i s  was to 

try to obtai n a substrate-excess state so that metabol i te and enzyme 

l evel s for a gi ven carbon source coul d be compared under both substrate

l imi ted and substrate-excess condi tions . Because the maximum growth 

rates on gl ucose and glycerol were l ower than on l actate the val ues 

sel ected for the h i gher di l uti on rate were not the same for each carbon 

source . 

Resul ts from these experi ments are s hown i n  thi s and the fol l owi ng 

two secti ons .  In addi tion to the experiment described a prel imi nary 

conti nuous cul ture experiment was carried out on each carbon source 

and data obtai ned were cons i stent wi th those descri bed here .  

Tabl e 5 . 3 . 3 . 1 s hows the carbon bal ances and growth yiel ds for these 

experi ments . At the l ow di l uti on rate ( 0 . 04 h-1 ) only negl i gi bl e  

amounts of each substrate remai ned i n  the medi um as expected. For the 

l actate and glycerol cul tures at the h i gh di l uti on rates si gni fi cant 

l evel s of the substrates remai ned i n  the medi um i ndi cati ng that the 

d i l uti on rates chosen were i ndeed cl ose to the maximum for these substrates . 

However there was very l i ttle  gl ucose rema in i ng i n  the medi um for the 

gl ucose cul ture at the h i gh di l uti on rate (0 . 09 h-1 ) sugge.sti ng that the 

maximum growth rate i n  conti nuous cul ture on thi s  s ubstrate coul d be 

h i gher than the 0 . 092 h -1 attained i n  batch cul ture (Tabl e 5 . 3 . 2 . 2 ) . 
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Table 5. 3.3.1 Carbon bal ances i n  P . shermani i continuous cul tures . a 

Carbon Source Lactate Gl ucose Glyce rol 

Di l ution Rate ( h-1 ) 0 . 04 0 . 1 1  0 .04 0 .09 0 . 04 0 . 09 

In i ti al Substrate (mM) 120 1 20 1 1  1 1  42 42 

Res i dual Substrate (mM) 27 0 . 14 0 . 11 0 . 1  8. 2 

Products ( nt-1) 

Propionate 7 1  53  7 . 5  7 . 0  41 . 5  26 

Acetate 48 30 8 . 7  10 .9 b b -

Succi nate 5 .0 1 . 5  5 . 5  6 . 2  5 .9 4 . 6  

Carbon Recover�c ( % )  103 91 99 109 1 1 1  92 

Cel l Or� Weight ( g/1 ) 1 . 1  0 . 71  1 . 1 0 . 90 1 . 23 0 . 89 

Mol ar Growth Y ie ld  { g/mol ) 9 . 2  7 . 7  99 81 29 . 2  26 

a 

b 

c 

Conti nuous cul tures were prepared on the defi ned medi um wi th each of 

the three carbon sources as descri bed in Secti on 5 . 3 . 3 . 1 .  F ive compl ete 

turnovers of the fermenter vo l ume were al l owed at each di l uti on rate 

before sampl i ng of the steady-state cul ture . 

Acetate was present at 2 g/1 i n  the glycerol cul ture and i ts concentrati on 

d i d  not devi ate from th i s  at any stage . 

Carbon recoveries were cal cul ated on the same bas i s  as those i n  Table 

5 . 3 . 2 . 2 .  
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The proporti ons of end-products fonmed in  the l actate-grown 

cul ture were 57% propi onate , 39% acetate and 4% succi nate at the low 

d i l uti on rate and 63% propionate , 36% acetate and 1% s ucci nate at  the 

h i gh d i l uti on rate . These were very s imi l ar to the proporti ons found 

i n  the mi d- logari thmi c phase of growth for batch cul tures on l actate 

{Tabl e 5 . 3 . 2 . 2 ) . 

For the gl ucose-grown cul ture the val ues were 34% propi onate , 40% 

acetate and 25% succi nate at the low di l uti on rate and 29% propionate , 

45% acetate and 26% s ucci nate at the h i gh di l ution rate . Here there 

was a s i gn i fi cant di fference from the batch cul ture val ues { Tabl e  

5 . 3 . 2 . 2 ) . The proporti on of propionate produced fel l  from 42% i n  

the batch cul ture ( mi d-l ogari thmi c phase) to 34% and 29% at the l ow 

and hi gh d i l uti on rates respecti vely i n  the conti nuous cul ture . Thi s 

decrease i n  the proporti on of propionate was l argely bal anced by a 

correspondi ng i ncrease i n  s ucci nate production from 17% i n  the batch 

cul ture to 26% i n  the conti nuous cul ture . Acetate producti on accounted 

for 40% of the products in  the batch and l ow  di l ut ion rate conti nuous 

cul ture but i ncreased s l i ghtly to 45% i n  the h i gh d i l uti on rate 

cul ture . 

I n  the glycerol conti n uous cul ture the proporti ons of products 

were 88% propi onate and 12% succi nate at the l ow di l uti on rate and 

85% propi onate , 15% s ucci nate at the h i gh d i l uti on rate , i . e .  s imi l ar 

to the val ues obtained i n  the glycerol batch cul ture { Tabl e 5 . 3 . 2 . 2 ) . 

At no stage di d the l evel of acetate ri se above that s uppl i ed i n  the 

defi ned medi um. 

Carbon recovery val ues ranged from 91-111%  for the di fferent 

steady-states on the three carbon sources .  Th i s  di ffered from the batch 
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cul tures where recovery val ues as hi gh as 140X were found for growth 

on l actate (Tabl e 5 . 3 . 2 . 2 ) . No expl anation for thi s d i fference was 

found . 

The rel ati ve mol ar growth yiel ds on the d i fferent carbon sources 

were s i mi l ar to those found for the batch cul tures ( Tabl e 5 . 3 . 2 . 2 ) 

and to val ues reported i n  the l i terature ( de Vries et !]_, 1973 ) except 

that the val ues obtai ned for growth on gl ucose were very hi gh . 

One surpri s i ng feature of the mol ar growth yiel d val ue i s  that 

for al l three subs trates the val ue i s  l ower at the faster growth rate , 

whereas the reverse woul d be expected ( Pi rt ,  1965 ) . An i nvesti gati on 

of th i s  anomaly was not attempted si nce the mol ar growth yi el d 

val ues were not bei ng used to i ndi cate the operation of parti cul ar 

metabol i c  pathways .  The val ues obtai ned at the hi gh growth rate are 

cl ose to those reported by de Vri es et !l ( 1973) so the h i gh apparent 

val ue found at the l ow growth rate may be due to a h i gh contri buti on 

from s torage material or extracel l ular  polysacchari de to the dry wei ght.  

5 . 3 . 3 . 2  I n  vi vo concentrati ons of metabol i tes in  conti nuous cul tures 

Dupl i cate samples were removed from the conti nuous cul tures at 

the two d i fferent steady-states descri bed i n  Section 5 . 3 . 3 . 1  and 

cel l -free extracts were prepared by the - fi l tration method ( Secti on 5 . 3 . 1 ) 

for measurement of metabol i te l evel s .  

These extracts were analysed (wi th i n  8 hours ) for glycolyti c 

i ntermedi ates accordi ng to the procedures descri bed i n  Section 2 . 8  and 

the resul ts are shown i n  Tabl e 5 . 3 . 3 . 2 . 



Tabl e 5 . 3 . 3 . 2  I n  vi vo l evel s o f  metabol i tes i n  conti nuous cul turesa . 

Low di l ution rate steady-states 
Carbon Source 

Di l ut ion Rate ( h- 1 ) 

Res idual Substrate (mM) 

Metabol i tesb 

G6P 

F6P 

FBP 

Tri ose-P 

PEP 

Pyruvate 

ADP 

ATP 

Lactate 

0 . 04 

0 . 50 

1 . 95 ( 1 . 2 ) 

0 . 50 ( 0 . 31 )  

< 0 . 16 (< 0 . 1 ) 

0 . 39 ( 0 . 24 )  

N . D .  

9 . 80  ( 6 . 1 )  

N . D .  

1 .  70 ( 1 . 1 )  

Gl ucose 

0 .04 

0 . 14 

3 . 15 (2  .0 )  

0 . 92 (0 .60 )  

0 . 29 ( 0 . 18 )  

0 . 55 ( 0 .34 )  

1 .40 ( 0 .85 ) 

2 . 35 ( 1 . 5) 

1 . 50 ( 0 .90) 

2 . 35 ( 1 . 5 )  

a Conti nuous cul tures were prepared as for Tabl e 5 . 3 . 3 . 1 .  

Glycerol 

0 . 04 

0 . 10 

4 .  30 ( 2 .  7 )  

0 . 95 ( 0 .60)  

0 . 27 ( 0 . 17 )  

< 0 . 16 (< 0 . 1 )  

2 . 10 ( 1 . 3 ) 

5 . 35 ( 3 . 35 )  

1 . 10 ( 0 . 70 )  

2 . 20 ( 1 . 4 )  

Hi gh di l uti on rate steady-states 

Lactate 

0 . 1 1  

27 

1 .  70 ( 1 . 05 )  

0 . 6 1  ( 0 .  38) 

0 . 29 ( 0 . 18) 

0 . 36 (0 .22 )  

N . D .  

4 1  ( 25 . 5 )  

N . D .  

1 . 55 (0 .  98) 

Gl ucose 

0 . 09 

0 . 11 

3 . 30 ( 2 .05)  

0 . 91  ( 0 . 57 )  

0 . 20 ( 0 . 13 )  

0 .48 ( 0 . 30 )  

2 . 20 ( 1 . 40 ) 

2 . 40 ( 1 . 50) 

2 . 80 ( 1 . 75 )  

1 . 65 ( 1 . 02 ) 

Glycerol 

0 . 09 

8 . 2  

12 . 1  ( 7 . 55 )  

2 . 65 ( 1 .65)  

1 . 25 ( 0 . 81 )  

0 . 94 ( 0 . 59 )  

< 0 . 20 (< 0 . 12 )  

8 . 45 (4. 50 )  

1 . 60 ( 1 . 00 )  

1 . 80 ( 1 . 10 )  

b Metabol i tes  were determined as descri bed i n  Secti on 2 . 8 .  Metabol i te concentrati ons are expressed as nmol/�g dry wei ght . � 
The val ues i n  brackets represent thei r concentration i n  the cel l i n  mmol / 1  as sumi ng a val ue of 1 . 6  �1 cel l water per 
mg dry we i ght  ( Sect ion 2 . 9 ) . Val ues g i ven a re  the average of two separate determi nati ons whi ch agreed � 10% . 

N . D .  Not determi ned ( see Table 5 . 3 . 2 . 2 ) . 
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At the l ow  di l ution rate di fferences i n  the metabol i te l evel s  

between the cul tures grown on the th ree carbon sources (Table 5 . 3 . 3 . 2 ( a ) ) 

were only mi nor. G6P varied from 1 . 95 nmol /pg on l actate to 4 . 3  nmol /pg 

on glycerol whi l e  di fferences i n  the l evel s of F6P ,  ATP , triose phos phates , 

FBP , ADP and PEP were al l rel ati vely smal l .  Pyruvate was present at 

9 . 8  nmol /�g i n  the l actate-grown cel l s  but was only 2 . 35 and 5 . 35 nmol /pg 

i n  the gl ucose- and glycerol -grown cel l s  respect i vely. 

At the hi gh di l uti on rates ( Tabl e 5 . 3 . 3 . 2( b ) ) di fferences between 

the metabol i te level s _were more pronounced.  G6P was present at l evel s  

s imi l ar to those i n  the s l ow-growi ng cul tures i n  both l actate- and 

gl ucose-grown cel l s  but i n  glycerol -grown cel l s  the l evel of G6P 

( 12 nmol /pg)  at the hi gh growth rate was much h i gher than that ( 4 . 3  

nmol /pg) a t  the low growth rate . Level s of F6P ,  FBP and the triose 

phosphates were al so el evated i n  the glycerol -grown cel l s  at the h i gh 

d i l uti on rate compared to both the l actate and gl ucose cul tures . The 

l evel of PEP, however ,  was much l ower i n  the glycerol-grown cel l s  than 

i n  the gl ucose-grown cel l s .  Pyruvate was cons i derabl y hi gher i n  the 

l actate-grown cel l s  than i n  ei ther the glycerol - or gl ucose-grown cel l s  

whi le ATP and ADP (where measured ) were present at fai rly s imi l ar 

l evel s for al l three growth subs trates . 

Compari son of metabol i te l evel s for each carbon source at the 

two di fferent di l uti on rates suggests that the i ncreased growth rate 

� � has very l i ttl e effect on metabol i te l evel s .  For example the 

metabol i te l evel s i n  the l actate- and gl ucose-grown · cel l s  are ve� 

s i mi l ar at the two di l uti on rates ( except  for pyruvate whi ch was much 

h i gher i n  the l actate-grown cel l s  at the h i gh d i l uti on rate) . 

The l evel of  substrate i n  the medi um appears to be of much greater 
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si gn i fi cance i n  determi ni ng the metabol i te l evel s .  I n  the case of 

the glycerol cul ture where the growth rate had been i ncreased to a poi nt 

where consi derabl e resi dual subs trate was present i n  the medi um the 

l evel s of G6P , F6P ,  FBP and the tri ose phosphates were al l s i gni fi c

antly h i gher than i n  the carbon-l imi ted cul ture at l ow growth rate . 

I n  the l actate-grown cul ture , pyruvate i s  the only metabol i te s i gni fi c

antly i ncreased under subs trate excess condi tions . I n  both o f  

these cases the l evel s o f  metabol i tes approximate to those found 

i n  batch cul tures (Table  5 . 3 . 2 . 2 )  at mi d-l ogari thmi c phase wi th h i gh 

external substrate concentrati ons . Wi th the gl ucose cul ture 

growth was apparently s ti l l  gl ucose-l imited at the h i gh growth rate 

( i . e .  there was vi rtual ly  no res i dual s ubstrate ) and consequently 

G6P was present at much l ower level s than in the batch cul ture wi th 

a h i gh resi dual gl ucose concentrati on i n  the medi um. 

5 . 3 . 3 . 3  Speci fi c act i vi ti es of  selected enzymes i n  conti nuous 

cul tures . 

After s ampl i ng of the conti nuous cul ture steady-state l evel s  

for analys i s  o f  substrates , products and metabol i tes  further cul ture 

sampl es were removed for measurement of enzyme s peci fi c  acti v i ties 

accordi ng to the fol l owi ng procedure . 

A sampl e of  cul ture ( about 200 cm3) was removed , rapi dly 

centri fuged at 10000 g for 10 mi n at 4°C and stored frozen . The 

·frozen pel l et was thawed , resuspended i n  a mi nimum vol ume of 10 mM 

Tri ci ne/NaOH buffer ( pH 7 . 5 )  contai ni ng 10� glycerol and d i srupted 

by two passages through an Ami nco French pressure cel l ( 38000 kN/m2) .  

Cel l  debri s was removed by centri fugati on at 27000 g for 15 mi n ( 4°C) 

and the supernatant further centri fuged at 225000 9max for 2 h (4°C) 
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to remove fi ne parti cul ate materi al . The supernatant { 25  cm3) was 
-

di alysed for two s uccess i ve 2 h peri ods aga inst  2 1 vo l umes of 10 mM 

Tri ci ne/NaOH buffer { pH 7 . 5) contai ni ng 20% glycerol . Thi s  crude extract 

was stored frozen overni ght for analysi s  the fol l owi ng day .  

The sel ected enzymes were assayed usi ng 100 � 1  o f  the crude extract 

{or a sui tabl e d i l ution of i t) accordi ng to the procedures i n  Secti on 

2 . 7 .  The resul ts are shown i n  Table  5 . 3. 3. 3 .  

The val ues obtai ned here cannot be compared d i rectly wi th those 

l i sted i n  Tab l e  3 . 5  s ince the crude extracts obtai ned from the conti nuous 

cul tures were di alysed and s tored overn ight  before analys i s .  Resul ts i n  

Table 3 . 5  were obtai ned by analysi s  o f  crude extracts on the same day 

as breakage of the cel l s  and wi thout any di alys i s  of the extract , so  the 

val ues coul d  be affected by the presence of any effectors of the enzymes 

assayed i n  the crude extract. Al so the speci fi c  acti vi ty val ues 

presented i n  Tabl e  3 . 5  were based on the Bradford prote i n  assay whi l e  

those i n  Table 5 . 3 . 3 . 3  were based on the Fol i n  method and thi s may have 

caused some di fferences { see Section 2 . 6 ) . 

However , the rel ati ve val ues of the enzyme l evel s found here from 

cel l s  grown on the three carbon sources are very simi l ar to those 

reported i n  Section 3 . 5 .  Thus , except for the G6 P  dehydrogenase val ue , 

the enzyme l evel s i n  the l actate- and gl ucose-grown cel l s  at both 

d i l uti on rates were very s i mi l ar� However i n  the g lycerol -grown cel l s  

there were marked d i fferences  as was found i n  Secti on 3 . 5 .  Glycerol 

grown cel l s  had an i ncreased level of pyruvate k i nase , PEP : carboxytrans

phosphoryl ase and mal ate dehydrogenase and s l i ghtly l ower l evel s of 

pyruvate , orthophosphate di k inase compared to cel l s  from l actate and 

gl ucose cul tures . 

I norgani c pyrophosphatase acti vi ty was determi ned i n  crude extracts 
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Tabl e 5 . 3 . 3 . 3  Enzyme l evel s i n  conti n uous cul turesa . 

Carbon Source lactate Gl ucose Glycerolb 

Di l ution Rate ( h- 1 ) 0 . 04 0 . 1 1 0 . 04 0 .09 0 . 04 

Enzymesc 

Pyruvate k i nase 0 . 20 0 . 14 0 . 15 0 . 13 0 . 36 

PEP : carboxytransphos phoryl ase 0 .065 0 . 048 0 . 069 0 .061 0 . 20 

Pyruvate , orthophosphate di k inase 0 . 083 0 .041 0 . 078 0 .051 0 . 046 

PP i -dependent phosphofructoki nase 

FBP formati on 0 . 12 0 . 092 0 . 15 0 . 14 0 . 20 

Al dol ase 0 . 34 0 . 27 0 . 40 0 . 37 0 . 44 

G6 P dehydrogenase 0 . 009 0 . 006 0 . 01 3  0 .01 0 .007 

Mal ate dehydrogenase 42 29 33 21  1 55 

I norgan i c  pyrophosphatased 0 . 25 0 . 2 1  0 . 09 

a Conti nuous cul tures were prepared as for Tab l e  5 . 3 . 3 . 1 .  Sampl es for 

analysi s of enzyme acti vi ty were prepared as descri bed i n  Secti on 5 . 3 . 3 . 3 . 

b 

c 

d 

Enzyme acti vi t ies were not determi ned at the h i gh di l uti on rate for the 

glycerol cul ture due to an error i n  sampl e col l ection . 

Enzyme acti v i ty was determined as descri bed i n  Sect ion 2 . 7  and expressed 

as uni ts/mg. Protein  concentrati on was estimated by the method of 

lowry et !!_ ( 1951 ) .  

Inorgani c pyrophosphatase acti vi ty was determi ned on a crude extract pre

pared from cel l s  in the overflo\'t carboy of each cul ture by the procedure 

outl i ned in Secti on 5 . 3 . 3 . 3 .  
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prepared from cel l s  i n  the overfl ow vessel of the three cul tures 

accordi ng to the method of Mansurova et !l ( 1977 ) . As found by Wood 

( 1977 ) , the enzyme i s  present i n  P . shermani i and appears to be 

consti tuti ve i n  cel l s  grown on the three carbon sources l actate , 

gl ucose and glycerol . 

5 . 4  DI SCUSSI ON 

The primary objecti ve of the experiments descri bed i n  thi s  chapter 

was to obta i n  i nformation on the i n  vi vo l evel s of those metabol i tes 

whi ch are i nvol ved as substrates or effectors of pyruvate kinase in order 

to assess the val i di ty of the model proposed for the regul ati on of thi s  

enzyme i n  Chapter 4 .  However , i n  the course o f  these experiments , 

determi nati ons of substrate and product concentrations , enzyme acti vi ti es 

and level s of some other i ntermedi ary metabol i tes were a l so i ncl uded to 

obtai n a more general metabol i c  descri pti on of P . shermani i when grown 

under di fferent nutri tional condi tions . 

The fol l owing paragraphs summari se the mai n  fi ndi ngs that emerged 

from these experi ments . A ful l er di scussi on of  the s i gn i fi cance and 

i nterpretation of these resul ts wi l l  be postponed unti l Chapter 8. 

Metabol i te Level s 

I n  Tabl e 5 . 4  the data on the l evel s of G6P , ATP ,  PEP and ADP 

(effectors and substrates of pyruvate ki nase } from both batch and conti nuous 

cul tures are brought together ( from Tabl es 5 . 3 . 2 . 1 ,  5 . 3 . 2 . 2  and 5 . 3 . 3 . 2 ) . 

I t  proved di ffi cul t  to obta i n  an accurate measurement of the l evel s 

of the substrates PEP and ADP under those condi tions where hi gh l evel s  

of pyruvate were present .  ADP l evel s were mostly between 1-2 mM and di d 

not di ffer greatly on the di fferent carbon sources . At hi gh substrate 



Tabl e 5 . 4  Surrmary o f  data on .!..!!. v ivo l evel s o f  metabol i tes. i n  

P . s herman i i .a 

Metabol i te level s 

G6P ATP PEP 

lactate 

Conti nuous cul ture 

( a) Sl ow growth rate 
(JJ = 0 . 04 h- 1 ) 1 . 2  1 . 1  N . D . low external l actate 
( 0 . 5  !Jit1) 

( b )  Fast growth rate 
(JJ = 0 . 1 1  h-1 ) 1 . 05 1 .0 N . D . H i gh external l actate 
( 27 nt-1) 

Batch cul ture · 
Fast growth rate 1 . 65 , 1 .  9 1 . 4 , 1 . 1  1 . 0 High external l actate 

Gl ucose 

Continuous cul ture 

( a )  Sl ow growth rate 
{JJ = 0 . 04 h-1 ) 2 .0 1 . 5  0 . 85 low external gl ucose 
( 0 . 14 nt-1) 

( b )  Fast growth rate 
{JJ = 0 . 09  h-1 ) 2 .05 1 . 0 1 . 40 low external gl ucose 
(0 . 1 1  !Jit1) 

Batch Cul ture 

Fast growth rate 16 , 10 . 1  2 . 2 , 1 . 3  0 . 40 ,0 . 61 H igh  external gl ucose 

Gll:cerol 

Conti nuous cul ture 

( a )  Sl ow growth rate 
(JJ = 0 .04 h- 1 ) 2 . 7  1 .4 1 . 3 low external gl ycerol 
( 0 . 1  nt-1) 

( b )  Fast growth rate 
(JJ = 0 . 09 h-1 ) 7 . 6  1 . 1  0 . 12 
H igh  external glycerol 
( 8 . 2  nt-1) 

Ba tch cul ture 

Fast  growth rate 5 . 9 ,8 .6  1 . 1 , 1 . 05 0 . 40 ,  0 . 16 
H igh external gl ycerol 
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ADP 

N . D . 

N . D .  

1 .0 

0 .90 

1 . 75 

1 . 40 t 1 . 55 

0 . 70 

1 . 0  

1 . 1 , 0 . 90 
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l evel s the concentrati on of PEP was al ways l ess than 1 mM { and mostly 

l ess than 0 . 5  mM) , i . e .  bel ow the PEP0 • 5v val ue of 1 mM for pyruvate 

ki nase { Secti on 4 . 3 . 9 . 1 ) .  However at l ow gl ucose or glycerol concentr

ations the PEP l evel (wh i ch coul d be determi ned rel ati vely accurately 

under these condi tions ) vari ed from 0 . 85 - 1 . 4  mM.  

The most  pronounced changes were i n  the l evel of  the acti vator G6P .  

Duri ng growth on l actate the l evel o f  th i s  metabol i te was mai ntai ned at 

between 1-2 mM regardl ess of  growth rate and concentration of external 

l actate . However ,  duri ng growth on gl ucose or glycerol at hi gh substrate 

concentrations the l evel of G6P was much h i gher ( from 6-16 mM) whi l e  at 

l ow substrate concentrati ons i t  was only 2-3 mM.  These fl uorometri c 

estimations of  G6P l evel s are confi rmed by the radi ochemi cal data obtai ned 

from washed cel l s uspensi ons . 

The l evel s found for the i nh ib i tor ATP are nearly al l i n  the range 

1 . 0-1 . 5  mM ,  except for one h i gh val ue obtai ned duri ng batch growth on 

gl ucose . 

The s i gni fi cance of  these i n  vi vo l evel s  i n  rel ati on to the control 

of pyruvate ki nase wi l l  be consi dered i n  Chapter 8 .  However it  i s  cl ear 

even from a superfi cial  exami nation of the data that the h i gh G6P l evel s 

prevai l i ng at h i gh gl ucose and glycerol concentrati ons woul d resul t i n  

h i gh pyruvate ki nase acti vi ty and consequently ,  acti ve glycolys i s .  

Interpretati on o f  two other aspects o f  the data however,  i s  l es s  clear.  

Fi rstly ,  woul d the l evel s . of effecto rs found i n  cel l s  duri ng 

gl uconeogenes i s  on l actate be suffi cient to i nhi bi t pyruvate ki nase acti vi ty 

and so prevent s ubstrate cycl i ng? Thi s  cannot be answered wi thout 

informati on on the l evel of the other mai n  effector of pyruvate ki nase 

acti v i ty ,  Pi • Several  mul t i -enzyme fl uorometri c assays have been reported 
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for the determi nati on of very smal l quanti ties of Pi but were not used 

i n  thi s i nvesti gati on due to thei r compl exi ty ,  cost and di ffi cul t 

interpretation .  Cel l ul ar d i sruption and extracti on procedures ( usual ly 

i nvol ving strongly aci d condi tions } woul d rel ease bound and organ ic  phosphate 

from the cel l i nto the cel l extract. Th i s  woul d el evate the l evel s  of  P1 

subsequently determi ned i n  the extract and make estimation of the free 

�i i n  the cel l imposs ib le .  Other approaches to thi s probl em wi l l  be 

consi dered i n  l ater chapters . 

Secondly , i n  the continuous cul ture experiment , the h i gh di l uti on rate 

gl ucose cul ture i s  presumably acti vely metabol i s ing  gl ucose vi a the glycoly

ti c pathway yet the l evel of G6P i s  s i mi l ar to that found at the l ow 

di l ution rate and i n  the l actate conti nuous cul ture . A hi gh rate of 

. glycolysi s  i s  thus not necessari ly dependent on a h i gh G6P l evel . The G6P 

level was el evated only i n  cel l s  growi ng i n  the presence of  a h i gh concen

tration of external gl ucose . Chapter 6 wi l l  present further i nformation 

on the rel ati ons hi p between substrate concentrati on and G6P l evel s .  

I n  addi t ion to the metabol i tes consi dered above two other correl ations 

between metabol i te l evel s and carbon sources emerged from these experiments . 

There i s  apparently a cl ose rel ati onsh ip  between external l actate 

concentrati on and cel l ul ar pyruvate l evel . The resul ts of a further 

i nvesti gati on of thi s  rel ati onsh i p  wi l l  be presented i n  the next chapter. 

The other correl ati on concerns the l evel s of F6P and FBP .  These two 

metabol i tes are found at l evel s  bel ow 1 mM for F6P and below 0 . 2  mM for 

FBP except i n  cel l s  growi ng on glycerol where , under condi ti ons of h i gh 

external substrate concentration they are both present at  s i gni fi cantly 

hi gher l evel s .  

Attempts were made to determine the l evel o f  PP; i n  the cel l  under 

. the di fferent growth condi tions by the method of Drake et !! ( 1979 ) . 
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However , al though i ndi cati ons were that the PP; l evel i n  the cel l s  was 

of the order of 1 mM, rel i abl e resul ts coul d not be obtai ned due to the 

i nstabi l i ty of the adenylyl s ul phate (wh i ch i s  requi red i n  the assay) 

on trans portation from the Uni ted States to New Zeal and. Kl emme ( 1976 )  

reports that the i ntracel l ul ar l evel o f  PP; i n  a number of mi crobes i s  i n  

the range 0 . 1-1 .0 mM. 

End-products of Fermentati on 

Propionate , acetate and succi nate were the major end-products of the 

fermentati on on the carbon sources l actate , gl ucose and glycerol when 

. growi ng on the ful ly defi ned medi um used i n  thi s i nvesti gation .  The rati o 

of propi onate to acetate duri ng growth on l actate was 1 . 5-1 .8  whi l e  on 

. gl ucose i t  was 0 . 6- 1 . 0  (Tab les 5 . 3 . 2 . 2  and 5 . 3 . 3 . 1 ) . These val ues , 

espec i al ly on gl ucose , were l ower than those found for propioni bacteri a 

grO\'Ii ng i n  complex medi um ( Hetti nga and Reinbol d ,  1972b ) . de Vries  et !!. 

( 1973) obtai ned val ues of 2 .0 and 2 . 1  for the propionate : acetate rati o  

duri ng growth of  P . freudenre i ch i i  on l actate and gl ucose i n  thei r syntheti c 

medi um .  The low val ues obtai ned i n  thi s i nvesti gati on can be parti al ly 

expl ai ned by the 95% N2 , 5% co2 gas mi xture used to keep the cul tures 

anaerobi c .  The 5% co2 was i ncl uded to enable growth of P . s hermani i on 

glycerol as poi nted out by Wood and Werkman ( 1936 )  and , to mai ntai n  

standard condi ti on s ,  i t  was al so used duri ng growth on the other two sub

strates . Under these condi tions the yie l d  of  succi nate i s  i ncreased 

( Wood , 1961 ) vi a the co2-fi x ing  carboxytransphosphoryl ase reaction 

( O ' Bri en and Wood , 1974 ) . Thus the use of 5% co2 to s parge the cul tures 

appears to have caused a sh i ft i n  the flow of metabol i tes , duri ng growth on 

gl ucose in parti cul ar, away from propionate production to succi nate 

production caus i ng the l ow propionate : acetate ratios found .  Duri ng growth 
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on glycerol , acetate was not produced,  as has been found by other workers 

( Hetti nga and Rei nbol d ,  1972b ) , and aga i n  a s i gni fi cant proporti on of  

succi nate was produced (Tabl es 5 . 3 . 2 . 2  and 5 . 3 . 3 . 1 ) . The s i gni fi cance of  

succinate producti on i n  rel ati on to the regul ation of pyruvate ki nase 

wi l l  be considered i n  Chapter 8 .  

Enzyme Acti v ities 

Regul ation of carbohydrate metabol i sm by i nducti on or repress i on of  

enzyme synthesi s  does not appear to be of major importance i n  P . shermani i 

s i nce the l evel s of al most al l the enzymes determi ned are very s imi l ar 

under glycolyti c ( growth on gl ucose) and gl uconeogeni c  ( growth on l actate ) 

condi ti ons . The approximately 2-fol d i ncrease i n  the l evel of pyruvate 

ki nase and the approxi mately 3-fol d i ncrease i n  the l evel of carboxytrans

phosphoryl ase found i n  glycerol -grown cel l s  do , however ,  appear to be 

consi stently reproducib l e fi ndi ngs . The somewhat lower l evel of the 

pyruvate , orthophosphate di k i nase on glycerol i s  al so cons i stent and has 

been reported by Wood et !!_ ( 1977)  • 

Inorgani c pyrophosphatase was present at s imi l ar l evel s i n  cel l s  · 

grown on al l three carbon sources .  The presence of thi s enzyme rai ses 

important probl ems i n  connecti on wi th the mai ntenance of adequate PP; l evel s 

i n  the cel l s  to s ustai n the acti vi ty of the PPi -dependent phosphofructo

ki nase . As Wood ( 1977) and Kl emme ( 1976 ) poi nt out the acti vi ty of 

pyrophosphatase must  be regul ated in vi vo . 
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THE ROLE OF G6P IN THE REGULATION OF 

METABOL ISM OF P . SHERMAN I I  
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The resul ts descri bed i n  the two previous chapters suggest that 

the l evel of G6P i n  the cel l i s  an i mportant regul ator of the acti vi ty 

of pyruvate ki nase i n  vi vo .  G6P was shown to be a speci fi c acti vator 

of the puri fi ed enzyme and i ts concentrati on in the cel l  i s  markedly 

affected by the nature and concentrati on of the carbon source suppl i ed ,  

bei ng e levated under those condi ti ons where acti ve glycolys i s  woul d 

be expected to be occurri ng .  

I n  an  attempt to rel ate the data on  � vi vo l evel s of  G6P more 

cl osely to the i n  vi tro data on the effect of G6P on pyruvate ki nase 

acti vi ty two further i nvesti gati ons were carri ed out . F i rstly, the 

cel l ul ar concentration of G6P was determi ned at various times 

throughout growth of batch cul tures on gl ucose and glycerol in order 

to defi ne more preci sel y the range of concentrati ons of  G6P found i n  

the cel l and i ts rel ationsh i p  to external substrate concentrati on .  

Usi ng thi s i nformation and the data on l evel s  o f  s ubstrates and other 

effectors descri bed in Chapter 5 a bri ef i nvesti gation of the 

regul ation of pyruvate ki nase us ing a parti al ly puri fied preparati on was 

carri ed out. The resul ts of these two studies are descri bed i n  thi s  

chapter. 

6 . 2  RELATIONSH I PS BETWEEN ' EXTERNAL CARBON SOURCE CONCENTRATION AND 

G6P OR PYRUVATE LEVELS 

6 . 2 . 1  Rel ati onship between External Gl ucose Concentration and I nternal 

G6P Concentration 

Sampl es were taken throughout the l og and early s tationary phases 
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of growth from a batch cul ture of P . shermani i grown on the gl ucose defi ned 

medi um as descri bed i n  Section 5 . 3 . 2 . 2 .  Measurements were made of both the 

i nternal G6P concentration and the external gl ucose concentration.  

Data from th i s  experiment are sho\� in Tabl e 6 . 2 . 1  whi l e  the 

rel ationsh i p  between the concentrati ons of external gl ucose and i nternal 

G6P i s  s hown di rectl y i n  Fi gure 6 . 2 .  As the gl ucose concentration i n  

the medi um decl i ned so d i d  the i nternal G6P concentration , but i n  a bi phas i c  

manner . At an external gl ucose concentrati on of 6 .4 mM the i nternal 

G6P l evel was 24 nmol/�g . but when the gl ucose concentration had 

dropped to 0 . 7 1  mM G6P was sti l l  mai nta i ned at a rel ati vely hi gh l evel 

of 1 1 . 8  n mol /�g . However ,  as the external gl ucose concentration 

dropped further to 0 . 5 1  mM the i nternal G6P concentrati on dropped 

abruptly to 3 . 0  nmol /pg. Th i s  change occurred , as the cul ture was 

enteri ng stati onary phase , over a rel ati vely short i n terval of time ( 4 . 5  h ) . 

As the cul ture conti nued i nto stationary phase the G6P l evel s howed only  

a comparati vely smal l decrease to 2 . 2  nmol /�g after a further 2 1  hours . 

Thus there seems to be a certa i n  threshol d l evel of externa l gl ucose 

(about 0 . 5  - 1 .0 mM) above wh i ch the i nternal G6P concentration i s  at a 

h i gh l evel ( greater than 1 1  nmol /pg} and bel ow wh ich i t  i s  ma i ntained 

at about 2-3 nmol/pg . 

6 . 2 . 2  Rel ationship between External Glycerol Concentration and Internal 

· G6P · concentration 

G6P concentration was simi l arly determi ned and rel ated to external 

substrate concentrat ion i n  a cul ture grown on the defi ned medi um wi th 

glycerol as the carbon source . For some sampl es F6P was a l so determi ned . 

Data from thi s  experiment are shown i n  Table 6 . 2 . 2  whi l e the 

rel ationshi p between external gl ycerol and i nternal G6P i s  shown di rectly 
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Tab l e  6 . 2 . 1 Rel ationsh i p  between external gl ucose concentration 

and i nternal G6P concentrati on . a 

Ti me ( h )  External Gl ucose Internal G6P 

(After i nocul ati on )  
00540 (mM) ( nmol/JJg) 

a 

30 . 0  1 .07 6 .4 24.0 ( 15 .0 )  

31 . 0  1 . 24 4 . 3 1 5 . 0  ( 9 . 4 )  

33 . 5  1 . 50 3 . 2  1 5 .8 ( 9 . 9 )  

36 . 0  1 . 87 2 . 3 1 3 . 9  ( 8. 7 )  

39 .0  2 . 32 o .  71 1 1 . 8  ( 7  . 4 )  

43 . 5  2 . 33 0 . 51 3 .0 ( 1 . 9 )  

48.0 2 . 35 0 . 26 2 . 7  ( 1 .  7 )  

64 . 75 2 . 20 0 . 16 2 . 2  ( 1 . 4 }  

A batch cul ture on  gl ucose defi ned med i um was prepared as 

descri bed in Secti on 6 . 2 . 1  and sampl es for measurement of external 

gl ucose concentration and i nternal G6P concentrati on taken at the 

ti mes i ndi cated . The concentrati on of G6P i s  expres sed as nmol /JJQ 

dry wei ght .  The val ues i n  brackets represent i ts concentration 

i n  the cel l  as mmol/1 assumi ng a val ue of 1 .6 �1 cel l water/mg 

dry wei ght (Secti on 2 . 9 } . 
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Table  6 . 2 . 2  Rel ati onshi p between external glycerol concentrati on 

and i nternal G6P and F6P concentrati ons . a 

Ti me ( h }  External Glycerol I nternal G6P Internal F6P 00540 (after 

i nocul ation } 
(mM} ( nmol /J.Jg } ( nmol /JJg}  

a 

38. 5  1 . 75 16 . 8  13 . 9 (8 . 7 }  4 . 0  ( 2 . 5 }  

39 . 5  1 . 90 16 . 0  13 . 0 (8 . 1 }  

40 . 5  2 . 00 13 . 5 14 . 7  ( 9 . 2 }  

42 . 0  2 . 13 9 . 8  16 . 3  ( 10 . 2 }  4 . 2  ( 2 . 6 }  

43 . 5  2 . 30 7 . 6  12 . 5  ( 7 . 8 }  

45 . 5  2 . 45 6 . 2  12 . 5  ( 7 . 8 }  

48. 0  2 . 80 2 . 5  13 . 6  (8 . 5 }  

50 . 5  2 . 90 <0 . 1  2 . 1  ( 1 . 3) 0 . 61  ( 0 . 38} 

54 . 5  2 . 90 < 0 . 1 1 . 8  ( 1 . 1 }  

67 . 0  2 . 80 <0 . 1 1 . 9  ( 1 . 2 } 0 . 42 ( 0 . 26 }  

A batch cul ture on gl ycerol defi ned medi um was prepared as descri bed 

i n  Section 6 . 2 . 2  and sampl es for measurement of external glycerol 

concentrati on and i nternal G6P and F6P concentrati ons taken at the 

times i nd i cated . The concentrati ons of G6P and F6P are expressed 

as nmol /JJg dry wei ght . The val ues i n  brackets represent thei r 

concentrations i n  the cel l as ll1110l / l  assumi ng a val ue of 1 . 6  JJl cel l  

water/mg dry wei ght ( Secti on 2 . 9 } . 
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in Fi gure 6 . 2 .  Aga i n  the rel ati onshi p was not a s impl e l i near i ncrease 

i n  i nternal G6P concentration wi th i ncreasi ng external carbon source . 

At gl ycerol concentrations i n  the medi um of above 2 mM, the i nternal G6P 

concentrati on was maintai ned approxi mately between 12 . 5  and 16 . 3  nmol /�g 

wh i l e  at  very low external glycerol level s the i nternal G6P concentration 

was about 2 . 0  nmol /pg . 

Aga i n  a very abrupt drop i n  i nterna l G6P l evel occurred over a 

rel ati vely short space of time ( 2 . 5  h ) , a s  the cul ture was enteri ng 

stationary phase . From the few F6P analyses done the l evel s of thi s  

metabol i te appeared to behave i n  a s imi l ar manner to G6P ,  al though i t  i s  

not known whether an abrupt drop i n  the concentration o f  thi s metabol i te 

occurred as the cul ture entered stati onary phase� 

6 . 2 . 3  · Rel ationsh ip between External Lactate Concentration and I nternal 

· · pyruvate Concentration 

I n  the conti nuous cul ture experiments us ing l actate as the carbon 

source i t  was found that the G6P l evel di d not i ncrease when external 

l actate concentrati on was i ncreased at the hi gher d i l uti on rate . 

However i ntracel l ul ar pyruvate concentration showed a l arge i ncrease 

at h i gh external l actate concentration ( Section 5 . 3 . 3 . 3) . Cel l ul ar 

pyruvate l evel s were therefore measured through a lactate-grown batch 

cul ture . 

The resul ts from thi s experiment are summari sed i n  Tabl e 6 . 2 . 3  and 

the rel ationshi p between external l actate and i nternal pyruvate i s  

shown d i rectl y i n  F igure 6 . 2 . 3 .  I n  thi s case the rel ati onsh i p  was l i near 

wi th decreas i ng external l actate bei ng accompan ied by decreas i ng i nternal 

pyruvate al though there was sti l l  a s i gn i fi cant l evel of pyruvate in the 

cel l when a l l  the l actate was uti l i sed. Thi s  res i dual pyruvate gradual ly  
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Tabl e 6 . 2 . 3  Rel ationshi p  between external l actate concentration and 

i nternal pyruvate concentration . a 

Time ( h )  External Lactate I nternal Pyruvate · 
( after i nocul ation )  

00540 ( nt-1) ( nrool /J.Jg )  

a 

25 . 5  0 . 80 82 126 ( 78 .8 )  

28 . 0  1 . 05 77 120 {75 )  

30 . 75 1 . 40 56 80 ( 50 )  

34 . 0  1 . 90 36 70 . 4  (44) 

47 . 0  2 . 55 <0 . 5 23 ( 14 )  

5 1 . 5  2 . 50 < 0 . 5  9 ( 5 . 6 )  

A batch cul ture on l actate defi ned medi um was prepared as descri bed 

i n  Secti on 6 . 2 . 3  and sampl es for measurement of external l actate 

concentrati on and i nternal pyruvate concentration taken at the 

ti mes i nd icated. The concentrati on of pyruvate i s  expressed as 

nrool /J.Jg dry wei ght . The val ues i n  brackets represent i ts c.oncentr

ati on i n  the cel l as mmol /1 assumi ng a val ue of 1 . 6  J.Jl cel l  water/mg 

dry we i ght ( Secti on 2 . 9 ) . 
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di mi ni shed wi th time as the cul ture entered the stati onary phase. 

6 . 3  REINVESTIGATION OF THE REGULATION OF PYRUVATE KINASE ACTIVITY 

AT IN VIVO CONCENTRATIONS OF SUBSTRATES AND EFFECTORS 

The l evel s  of ADP . PEP .  G6P and ATP have been measured under a number 

of d i fferent
.
metabol i c  condi ti ons ( Chapter 5 )  i n  an attempt to confi rm 

the proposed mechani sm for control of the enzyme pyruvate ki nase i n  vi vo .  

These l evel s of the substrates and effectors were used i n  the i nvesti gation 

described bel ow. As menti oned earl i er ( Section 5 . 4 )  the l evel of Pi 

( an i nh i b i tor of  pyruvate kinase )  i n  the cel l  has not been determi ned i n  

th i s  i nvestigation . The effect of G6P on pyruvate k i nase acti vi ty was 

therefore stud ied over a range of Pi concentrations . 

6 . 3 . 1  Parti al Puri fi cati on o f  Pyruvate Ki nase 

For thi s  study a s impl e puri fi cati on s cheme was used essenti al ly  

� remove any smal l molecul es in  the  extract ( such as  G6P and P i ) whi ch 

may i nterfere wi th the acti vi ty of pyruvate k i nase .  

Glycerol -grown (defi ned medi um )  P . s hermani i cel l s  whi ch had  been 

stored frozen were thawed and resuspended to a thi ck s l urry i n  10 mM 

Tri ci ne/NaOH buffer ( pH 7 . 5 )  conta i n i ng 10% glycerol . The cel l s  were 

d i s rupted by two passages through a French press ure cel l ( 38000 kN/m2) 

and the debri s removed by centri fugation at  27000 g at  4°C for 30 min .  

The supernatant was centri fuged for a further 2 h at 225000 gmax 

at 4oc to remove fi ne parti cul ate matter wi th a h i gh NAOH-oxi dase 

acti vi ty .  Thi s  supernatant was fractionated wi th ammoni um sul phate ( as 

descri bed i n  Secti on 4 . 2 .4 )  and the 40-60% fraction was resuspended i n  

4 .0  cm3 of 10 mM Tri ci ne/NaOH buffer ( pH 7 . 5 )  conta i n i ng 20% glycerol 

and 0 . 2  M KCl . Thi s sol ution was appl i ed to the top of  a Sephacryl 

S200 gel fi l trati on col umn (90 cm x 2 . 5  cm) equi l i brated i n  the same 



Table  6.3.1 Parti al puri fi cati on of pyruvate kinase . a 

Protei n 

Fracti on Vol ume Concentrati on Total Act i vi ty Speci fi c Acti vi ty Puri fi cation 

{ cm3 ) { mg/cm3 ) { un i ts }  { uni ts/mg } { fo l d }  

Crude Extract 22 14 . 2  72 0 . 25 1 . 0 

0-40% Amrooni um 2 . 8  25 .0 29 0 . 42 1 . 7  
Sul phate fraction 

40-60% Amroon i um 4 .0  27 . 5  39 0 . 35 1 . 4 
Sul phate fracti on 

5200 Gel F i l tration 

pool ed h i gh speci fi c  16 .0  1 . 4 26 1 . 14 4 .6 

acti v i ty fracti ons 

a Pyruvate k i nase was part i al ly puri fi ed by the scheme outl i ned i n  Sect ion 6 . 3 . 1  from 12 g wet packed 

wei ght  of g lycerol -grown P.shermanii cel l s .  Protei n concentrati on was estimated by the method of  

Lowry et  !l ( 1951 } .  

-
0'\ -. 
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buffer. The col umn was devel oped in the equi l i bration buffer at 8 cm3/h , 

col l ecti ng 4 cm3 fracti ons . Fractions contai n i ng pyruvate ki nase at an 

activi ty greater than 1 . 5  uni ts/cm3 were pool ed and di alysed for two 

success i ve 2 h periods aga i nst 2 1 vo l umes of 10 �1 Tri ci ne/NaOH 

buffer ( pH 7 . 5) conta i n i ng 20% glycerol before bei ng s tored frozen at 

-20°C .  The puri fi cat ion for pyruvate ki nase us i ng 12 g wet packed wei ght 

of cel l s  i s  shown i n  Tabl e 6 . 3 . 1 .  

6 . 3 . 2  · studies on the Parti al ly Puri fi ed Pyruvate Ki nase 

Pyruvate ki nase assays were performed as speci fied i n  Secti on 4 . 3 . 1 

at 30°C i n  an SP 1800 record i ng spectrophotometer. Each assay contai ned 

lOO pl ( 0 . 14 mg protei n )  of the parti al ly puri fi ed pyruvate k i nase 

sol ution . On the bas i s  of the data on the i n  vi vo metabol i te concentra-- --
ti ons as summari sed i n  Tabl e 5 . 4  the concentrati ons of the substrates , 

PEP and ADP , were set at 0 . 5  mM and 1 . 0  mM respecti vely .  ATP was added 

at a fi nal concentration of 1 . 0 mM s i nce thi s  compound was found to be 

present i n  cel l s  at about thi s l evel under al l the condi ti ons studied .  

A range of G6P  concentrations from 1 . 0-15 . 0  mM was used , whi l e  the 

l evel of Pi was al so vari ed over a w ide range , from 0- 12 mM .  

The resul ts from thi s  experiment are shown i n  F i gure 6 . 3 . 2  where 
' 

the same data are pl otted i n  two di fferent ways to i l l ustrate both the 

effect of varying G6P concentration and the effect of varyi ng Pi 

concentrati on . Tab le  6 . 3 . 2  l i sts the H i l l  coeffi ci ents for the 

rel ati onshi p between pyruvate ki nase acti vi ty and i ncreas i ng G6P concen- . 

tration at  the d i fferent Pi concentrati ons . I n  the absence of any Pi 

i n  the assay the Hi l l  coeffi ci ent was 0 . 9 ,  s imi l ar to that reported i n  

Section 4 . 3 . 13 for the rel ationshi p i n  the absence of any i n h i b i tors , 

but as the Pi concentrati on i n  the assay was i ncreased so di d the Hi l l  
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Figure 6.3 .. 2 
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• 4.0 mM; 6 8. 0 mM; • 1 2. 0  mM. 

G6P concentration : • 0.0 mM; o 1.0 mM; • 2.0 mM; L l  5.0 mM; 

• 1 0. 0. mM; r:, 1 5.0 mM. 

Pyruvate kinase activity was measured at the 111 vivo level of suhstrates and ATP and in the presence of vmying 

concentrations of G6P and Pi . F igure (a)  shows the relationship between activity and GGP concentration at 

different Pi levels while figure (b) shows the same data plotted as a function of Pi concentration. Reaction 

cond itions as specified in Section 4.3. 1 but with 1 . 0  mM ADP ami 0.5 mM PEP. Reactions were per formed in 

1 . 0  m M  A TP and in the presence of G6P and Pi at the concentl at ions shown. 

Enzyme concentration : 0. 1 4  mg protein per assay. 
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Tabl e 6,3 . 2  Effect o f  i norgani c phosphate on the cooperati vi ty 

of G6P activation of pyruvate k i nase . a 

a 

I norgani c Phosphate 

Concentrati on (mM) 

o.o 

0 . 5  

1 . 0  

2 . 0  

4 . 0  

8 . 0  

12 .0  

I nteracti on Coeffi ci ent 
( nH ) 

0 . 9  

1 . 4  

2 .0 

2 . 1  

2 . 0  

2 .4 

3 .9  

The rel ationshi p between pyruvate k i nase acti vi ty and G6P 

concentration at  7 di fferent P i concentrations was determi ned 

as descri bed i n  Section 6 . 3 . 2  and i s  shown i n  Fi gure 6 . 3 . 2 .  

I nteracti on coeffi cients for the rel ationsh i p  were determi ned 

by the rrethod of Endrenyi et 21 ( 1975 ) . 
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number i ncrease unti l i n  the presence of 12 mM Pi i t  was 3 . 9 . i nd i cati ng 

a hi ghly cooperati ve system. 

Fi gure 6 . 3 . 2  ( b )  plots the same data as i n  Fi gure 6 . 3 . 2  ( a )  to 

emphas ise  the importance of P; i n  control l i ng the acti vi ty of pyruvate 

kinase. At l ow concentrati ons of Pi ( 1 -2 mM) even l ow concentrati ons 

of G6P ( 1 -2 mM) read i l y  overcame the i nh ib i tion of pyruvate ki nase 

acti v i ty caused by both the P i and the 1 mM ATP i n  the assay.  However 

at h i gher l evel s of Pi (8-12 mM) concentrati ons of 5-15 mM G6P were 

requi red to reacti vate the pyruvate k i nase acti v i ty as 1-2 mM G6P had 

l i ttl e effect.  At these h i gh l evel s of Pi the di fference between the 

abi l i ty of 2 mM G6P and 5 mM G6P to reacti vate the pyruvate ki nase was 

qu i te dramati c i ndi cati ng further the hi ghly cooperati ve nature of the 

rel ati onshi p between acti vi ty and G6P concentration under these cond i ti ons . 

6 .4 DISCUSSION 

The concentrati on of G6P i n  P . shermani i  cel l s  growi ng on e i ther 

gl ucose or glycerol was ma intai ned at two d i sti nct l evel s dependi ng on 

the concentration of the carbon source i n  the medi um.  When the external 

concentration of ei ther gl ucose or glycerol was rel ati vely  h i gh 

( cond i tions which  favour acti ve glycolys i s )  the l evel of G6P i n  the cel l s  

was mai ntai ned above 7 mM (Tab l es 6 . 2 . 1  and 6 . 2 . 2 ) . However as the 

cul tures entered s tati onary phase and the external concentrati on of 

. gl ucose or glycerol fel l  to a l ow l evel the l evel of G6P dropped abruptly 

· to concentrations between 1 and 2 mM i n  the cel l . 

It  can be seen from Fi gure 6 . 3 . 2  that provi ded the P; concentration 

i n  the cel l  is above 10 mM a change i n  the G6P concentrati on from 2 mM to 

5 mM wi l l  have a marked effect on the acti vi ty of pyruvate ki nase because 

of the hi gh degree of. cooperati v i ty of the b indi ng of G6P to the enzyme 
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at th i s  concentration of phosphate . 
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I t  i s  s i gn i fi cant to note that the change i n  G6P l evel requ i red to 

reacti vate the pyruvate k inase under i n  v i vo cond i ti ons ( i . e .  from 2 to 

5 mM G6P )  corresponds very cl osely wi th the d i fference i n  G6P l evel s 

found i n  rap i dly glycolys i ng cel l s  compared to that i n  cel l s  not 

acti vel y gl ycolys i ng ( i . e .  from 2 to 7 mM G6P ) . Thus i t  appears that 

the abi l i ty of the cel l  to acti vate pyruvate ki nase and thus glycolysi s  

through the effector G6P coi nci des d irectly wi th the change i n  the 

cel l from a s i tuation where acti ve glycolys i s  i s  not requi red to a 

si tuati on where i t  i s .  Thi s  provides strong i n  vi vo confi rmation of  the 

val i di ty of the proposed model for the control of glycolys i s  outl i ned 

i n  Secti on 4 . 4 . 



CHAPTER 7 

SOME ADDITIONAL ASPECTS OF METABOLIC  

REGULATI ON I N  P . SHERMAN I I  



7 . 1 I NTRODUCTION 
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Thi s chapter descri bes the resul ts of three qu i te di fferent i nvesti g

ati ons of a very prel imi nary nature . They arose out of a cons i derati on 

of some of the questi ons rai sed i n  earl i er chapters . The resul ts of 

these three studies are not parti cul arly concl us i ve and would  requi re 

much more thorough i nvesti gati on before they can be cl early i nterpreted 

but they have been i ncl uded here because they suggest possi bl e  methods 

of approach to probl ems of i nterest.  

7 . 2  THE EFFECT O F  G6P CONCENTRATION ON G6P DEHYDROGENASE ACTIVITY 

The resul ts of studies on G6P l evel s  i n  batch and conti nuous cul tures 

descri bed i n  Chapter 5 present an apparent paradox . Both the batch cul ture 

and the conti nuous cul ture at the h i gh di l ution rate on the gl ucose-contai n

i ng medi um have s imi l ar growth rates and so presumably woul d  requ i re 

s imi l ar rates of glycolys i s .  However, G6P concentrati on whi ch ,  i t  has 

been suggested, contfOls  the acti vi ty of pyruvate k i nase i s  very di fferent 

i n  the two cul tures , bei ng at an ' acti vati ng ' l evel i n  the batch cul ture 

but at a probably ' non-acti vati ng '  l evel i n  the conti nuous cul ture . 

From the resul ts descri bed i n  Chapter 6 ,  the l evel of G6P was shown to 

be rel a ted to the external gl ucose concentration and not necessari ly to 

the rate of growth . As wi l l  be di scus sed i n  the fi nal chapter, the rol e  

of  the G6P regul ati on of  pyruvate ki nase i n  g lucose-uti l i si ng cul tures 

may be to control the rel ati ve proporti ons of PEP used for ATP production 

( vi a  pyruvate ki nase ) and PP; production ( vi a  the PEP : carboxytransphos

phoryl ase) . Thi s l i ne of reasoni ng l ead to the poss i bi l i ty that the 

l evel of G6P i n  the cel l mi ght al so determi ne the rel ati ve proportions 

of gl ucose metabol i sed by the EMP pathway (wh ich requi res a source of PP; ) 
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and the HMP pathway , wh i ch bypasses the PP1 -requiri ng phosphofructoki nase . 

Such a control coul d be med iated by the nature of the G6P dependence of  

the enzyme G6P dehydrogenase which  catalyses the fi rst step of  the 

HMP pathway . A study of thi s  dependence was carri ed out on a crude 

extract from P . s hermani i .  

Glycerol -grown cel l s  wh i ch had been s tored frozen were thawed , 

resuspended to a thick  sl urry i n  10 mM Tri ci ne/NaOH buffer ( pH 7 . 5 )  

conta i n i ng 20% glycerol and broken by two pas sages through  a French 

pressure cel l  ( 38000 kNtm2 ) .  Cel l debri s was removed by centri fugation 

(27000g , 1 h ,  4°C )  and the supernatant di al ysed for 20 h agai nst 2 1 of 

10 mM Tri ci ne/NaOH buffer ( pH 7 . 5) contai n i ng 20% gl ycerol and then 

stored at -20°C .  

Th i s  crude cel l -free extract was assayed for G6P dehydrogenase acti vi ty 

essenti al ly as descri bed i n  Secti on 2 . 7  except that the G6P concentration 

was vari ed as i ndi cated and the reacti on was i ni tiated by addi tion of NADP 
' 

i nstead of  G6P . The crude extract ( 1 .25 mg prote i n  per assay) was 

i ncubated i n  the reaction mi xture for 10-15 mi n at 30°C before starti ng 

the reacti on wi th  NADP . 

The rel ationshi p between enzyme acti vi ty and G6P concentrati on for 

the G6P dehydrogenase i n  the crude extract i s  shown i n  Fi gure 7 . 2 .  The 

rel a ti onsh i p  was hi ghly compl ex, s howi ng an abrupt i ncrease i n  acti vi ty 

between 15 and 20 mM G6P .  Th i s  was a reproduci b le  feature but i t  i s  

d i ffi cul t to provide any adequate i nterpretati on wi thout further study. 

I nterpretation of  the data may be confused by the presence of  

6-phosphogl uconate dehydrogenase in  the crude extract whi ch woul d  be 

abl e to use the 6-phosphogl uconate , produced by the G6P dehydrogenase 

reacti on , as a substrate . NADPH production would  therefore be due to 

the combi ned acti vi ty of these two d i fferent enzymes . However, even 
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taki ng thi s  i nto account the very complex shape of the acti vi ty versus 

G6P concentration curve woul d s ti l l  not be expected . I t  i s  possi bl e  

that more than one G6P dehydrogenase may be present .  However , th i s  

study was carried out at the end of the present i nvesti gati on and time 

di d not permi t a more thorough i nvesti gati on . 

Whatever mechani sms are operati ng i n  the uti l i sation of G6P ,  as 

measured by the production of NADPH,  it  appears that the cel l extract 

may have the abi l i ty to use the G6P much more rapidly when that compound 

i s  present at very h i gh l evel s ( above 15-20 mM) . Concentrations of up 

to 16 mM G6P (Tabl e 5 . 3 . 2 . 1 )  have been found i n  the cel l duri ng growth 

on gl ucose and thi s val ue may be h i gher i n  cel l s  growi ng i n  a h i gher 

concentration of external gl ucose . 

Thi s  very prel imi nary experiment suggests a poss i bl e  means by 

whi ch G6P concentrati on may i nfl uence the fl ow of metabol i tes through the 

d ivergi ng HMP and gl ycolyti c pathways duri ng growth on gl ucose . 

7 . 3  THE EFFECT O F  CARBON SOURCE ON THE UPTAKE O F  PHOSPHATE 

The l evel of Pi in the cel l  i s  an important factor i n  the proposed 

model for the regul ati on of pyruvate k i nase presented i n  earl i er chapters . 

For reasons outl i ned i n  Section 5 .4 the l evel of P ; i n  the cel l was not 

measured and thi s rema ins one of the major uncertai nti es i n  establ i sh i ng 

the val i d i ty of the regul atory mechan i sm sugge sted . From the resul ts 

descri bed i n  Chapter 6 i t  i s  cl ear that a concentrati on of Pi greater 

than 10 w� i s  requi red to ensure a suffi c i ent l evel of i nhi bi ti on of 

pyruvate ki nase under gl uconeogeni c  condi tion s .  Whi l e  the proposed 

model does not requi re that the l evel of free P; i tsel f  shoul d vary 

accordi ng to the nature of the growth substrate thi s  woul d be an addi tional 
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pos si bl e mechani sm whereby contro l mi ght be exerci sed . A h i gh P1 

concentration under gl uconeogeni c condi tions woul d not only i ncrease the 

degree of i nh i bi ti on of pyruvate k inase but woul d al so assi st i n  

mai nta i n i ng favourabl e condi ti ons for the gl uconeogen i c  acti vi ty of 

pyruvate , orthophosphate d ik i nase and PPi -dependent phosphofructoki nase , 

both of \'lh i ch requ i re Pi as a substrate when proceedi ng i n  thi s  d irection . 

A cons ideration of the way i n  whi ch the Pi l evel m ight  be a l tered 

accord i ng to the nature of the carbon source suggested the possi bi l i ty 

of ' catabol i te repress ion ' or ' catabol i te i nh i b i ti on '  of the phosphate 

uptake sys tem by substrates of gl ycolysi s .  

The rate o f  uptake of phosphate i n  P . shermani i  was fo l lowed usi ng 

the radi oi sotope 32P i njected i nto rest ing cel l suspens ions of equal 

cel l dens i ty i n  whi ch both the d i fferences due to the carbon source the 

cel l s  were grown on and the carbon substrate they were fermenting coul d 

be s tudied i ndependently. 

Resti ng cel l suspensions were prepared as descri bed in Secti on 5 . 2 . 1  

from cel l s  grown on l actate , gl ucose o r  glycerol defi ned med i a .  Cel l s  

were suspended a t  a concentration o f  7 mg (wet  wei ght )/cm3 i n  10 mM 

Tri ci ne/NaOH buffer ( pH  7 . 5) contai ni ng 1 mM NaH2Po4 • Al i quots ( 5 . 0  cm3) 

of each cel l suspens i on ( from l actate ,  gl ucose or  glycerol -grown cel l s )  

were pi petted i nto each o f  three 50 cm3 con i cal fl asks and to these 

ei ther lactate (40 mM) , gl ucose ( 10 mM) or glycerol ( 20  mM) was added. 

Thi s  gave a total of  ni ne fl asks wh ich  were mai ntai ned under 95% N2, 

5% co2 at 300C on  a shaking water bath unti l requi red . To each fl ask 

100 pl c arrier-free 32p ( 7 . 6  x 105 cpm )  was added , after whi ch 500 pl 

al i quots were removed at regu l ar time i nterval s  (up to 15  mi n ) , rapidly 

fi l tered through a 0 .8 pm Mi l l i pore fi l ter ( prewas hed wi th 0 . 1  M NaH2P04) 
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and washed wi th 2 x 3 .0  cm3 amounts o f  1 0  �1 Tric i ne/NaOH buffer ( pH 7 � 5 )  

contai n i ng 1 mM NaH2Po4 • The fi l ters were pl aced i n  counting v ial s ,  

10 cm3 di sti l led water added and radi oactivi ty determi ned us ing a Beckman 

LS 8000 l i qui d sci nti l l ati on counter ( Cerenkov rad i ation - Hari l and 

and Bieber ( 1970} } .  

The resul ts from two separate experiments are shown i n  Table 7 . 3 .  

The rates were cal cul ated from the sl opes of the best-fi t l i nes of pl ots 

of radi oacti vity versus time .  I n  cases where the rel ati onshi p was not 

l i near i n i ti al sl opes were drawn over at l east the fi rst three poi nts . 

There were some d i fferences i n  the rate of uptake of the i norgan i c  

phosphate both between cel l s  grown on the di fferent carbon substrates 

and between cel l s  uti l i s i ng the d i fferent substrates . The rates of 32p 

uptake by cel l s  grown on l actate and gl ucose were much hi gher than the 

ra�es obtai ned from cel l s  grown on gl ycerol . For the cel l s  grown on 

glycerol or l actate those uti l i si ng lactate had a hi gher 32P uptake rate 

than those us ing glucose and glycerol wh i l e  for cel l s  grown on gl ucose 

there was l i ttl e di fference i n  the 32P uptake rate when us i ng the three 

substrates . 

I t  woul d be premature to draw concl usions from the resul ts of these 

experiments even though the data from the two enti rely separate experiments 

are very cons i stent. Whi l e  there are no real ly l arge d i fferences i n  

the rate o f  P ; uptake between cel l s  grown on o r  metabol i s i ng d i fferent 

substrates ,  the . fi ndi ng that the cel l s  grown on or metabol i s i ng l actate 

had the hi ghest rate of uptake i n  both experiments coul d provi de a 

mechani sm by whi ch such cel l s  coul d sustai n a h i gher pool si ze of Pi than 

those growi ng on glycerol and gl ucose . 
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Table 7 . 3  Effect of  carbon source on phosphate uptake i n  

P . shennani i .a 

Growth Substrateb Carbon source Phosphate Uptake 

bei ng metabol i sedc ( cpm 32P/mg dry wt/mi n )  

a 

b 

c 

d 

Glycerol Glycerol 60 ; 75 

Gl ucose 35 

Lactate 86 . 186 ' 

Gl ucose Glycerol 220 . 205 ' 

Gl ucose 200 . 205 ' 

Lactate 2 10 . 2 10 ' 

Lactate Glycerol 190 . 205 ' 

Gl ucose 260 . 242 ' 

Lactate 475 . 320 ' 

The rate of 32P - NaH2Po4 uptake was detenni ned i n  resti ng cel l  

suspens i ons of P . shennani i as descri bed i n  Sect ion 7 . 3 .  

The cel l s  were grown i n  the defi ned medi um contai n ing  the carbon 

source i ndi cated and harvested i n  the mi d-l ogari thmi c phase of growth . 

The cel l s  were washed and resuspended i n  the buffer descri bed i n  

Sect i on 7 . 3  w ith ei ther glycerol , gl ucose o r  l actate a s  the carbon source . 

The two fi gures  g iven represent the resul ts from two enti rely  i ndependent 

experiments . 
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7 . 4  GROWTH AND METABOLI SM ' OF P . SHERMAN I I  ON A M IXED GLUCOSE/LACTATE 

DEFI NED MEDIUM 

I n  a short paper by lee et !l ( 1974 ) i t  was reported that P . shermani i 

showed , what the authors referred to as a d i auxic growth pattern when 

suppl i ed s imul taneous ly wi th both gl ucose and l actate i . e .  l actate 

was uti l i sed first and only after exhausti on of the l actate was gl ucose 

uti l i sed . Thi s fi ndi ng was of i nterest i n  i tsel f  si nce i t  represents a 

reversal of  the commonly found d i auxi c patterns i n  whi ch gl ucose 

represses the uti l i sation of other compounds .  The only other wel l  

documented case i s  the c i trate-gl ucose d i auxi e i n  Pseudomonas aerugi nosa 

( Hami l ton and Dawes , 1959 ) . Moreover, such  a fi ndi ng i s  d i fficul t to 

i nterpret i n  the l i ght of the fi ndi ngs of the present study. 

It has been shown earl ier that l evel s of enzymes of gl ucose catabol i sm 

are very s imi l ar i n  l actate- and gl ucose-grown cul tures  so there i s  no 

apparent repressi on of the enzymes by l actate .  Furthermore , the 

' feed-forward ' acti vation mechani sm proposed for the regul ati on of pyruvate 

k i nase woul d not provide any bas i s  for understandi ng l actate i nh ibi tion 

of gl ucose uti l i sation unl ess l actate i nh i bi ted the gl ucose-uptake process .  

Accordi ngly i t  was deci ded to re-i nvesti gate the fi ndi ng of lee et !l 

( 1974 ) . 

A batch cul ture was prepared under standard condi t ions ( Sect ion 

5 . 3 . 2 . 2 )  i n  the defi ned medi um contai ni ng 1 g/1 gl ucose and 10 g/1 

Na 0/L l actate . Sampl es  were taken throughout the l ogari thmi c and early 

stati onary phases of growth for measurement of gl ucose and l actate i n  

the medi um .  G6P  and pyruvate l evel s were al so determi ned i n  cel l s  duri ng 

the mi xed cul ture as potenti al i ndi cators of the s tate of metabol i sm i n  

the cel l .  Tabl e 7 . 4  and Fi gure 7 .4 descri be the resul ts o f  thi s  experiment. 
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Tabl e 7 . 4  Growth o f  P . shermani i on mi xed gl ucose/l actate defined 

medi um .  a 

External Internal I nternal External 
Time ( h )  00540 Gl ucose G6P Pyruvate lactate 

a 

(mM) { nmol /�g)  ( nmol /JJg ) ( nt-1) 

zero 0 . 03 5 . 9  55 

13 . 25 0 . 25  4 . 7  49 

23 .0  1 . 20 4 . 2  25 67 20 

2 5 . 25 1 . 60 3 . 6  10 . 7  1 1  

26 . 65 1 .  78 3 . 5  10 . 2  78 6 . 5  

28 . 5  2 . 12 2 . 9  1 1  43 0 . 5 

30 . 5  2 .42 2 . 4  12 27 

33 . 5  2 . 80 0 . 95 3 . 5  1 7  

37 . 5  2 . 80 0 . 75 

47 . 0  2 . 80  3 . 2  8 . 2  

52 . 5  2 . 70 0 . 27 1 . 8  8 . 6  

A mixed gl ucose/l actate batch cul ture of P . shermani i was prepared as 

descri bed i n  Secti on 7 . 4  and sampl es taken for measurement of 

external gl ucose and l actate concentrations and i nternal G6P and 

pyruvate concentrations at the times i ndi cated .  The concentrations 

of G6P and pyruvate are expressed as nmol/�g dry we ight .  
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There was no strongly marked d i auxi e i n  the growth curve and 

al though the l actate was consumed fas ter than the gl ucose there was 

s i gn i fi cant uti l i sation of the gl ucose over the fi rst part of growth 

i n  the presence of h i gh l evel s of l actate . The maximum growth rate 

obtai ned was sl i ghtly h igher (� = 0 . 16 h-1 ) i n  thi s mi xed cul ture on 

l actate and gl ucose than i n  the correspondi ng batch cul tures on each 

i nd iv idual s ubstrate ( Section 5 . 3 . 2 . 2 ) . The cel l ul ar l eve l of G6P 

was hi gh throughout the growth curve . even i n  the presence of h i gh 

l evel s of l actate . unt i l  the external concentration of gl ucose fel l 

bel ow 1 mM .  Thus i t  i s clear that l actate does not i nh i b i t  gl ucose 

uptake . These resul ts do not . therefore . substanti ate the fi ndi ng of 

Lee et !}_ ( 1974) . 



Chapter 8 

GENERAL DI SCUSS I ON 



8. 1 R EGULATION OF PYRUVATE KINAS E DURING GLYCOLYSIS  AND 

GLUCONEOGENESIS 

178 . 

The primary a im  of thi s  i nvestigation of the regul ation of pyruvate 

ki nase i n  P . shermani i was to fi nd a pos s i bl e  mechani sm whereby i ts 

a ctiv i ty mi ght be control l ed so that i t  was operative during glycolysi s 

{growth on  gl ucose or gl ycerol } but i nh i bi ted duri ng gl uconeogenesi s  

{ growth o n  l actate } . The need for regul ati on i s  cl early ev ident from 

the resul ts of the study of the rel ative activ i ti es of some of the 

enzymes of carbohydrate metabol i sm { Sect ion 3 . 6 } .  Thi s study showed 

that pyruvate k i na se was a lways present at  l evel s greater than the 

pyruvate , orthophos phate d i ki nase whether the cul tures were grown on 

l actate , gl ucose or glycerol medi a .  Furthermore , the i nterconvers i on of 

PEP and pyruvate is possi bly the only poi nt at whi ch the pathways of 

glycolys i s  and gl uconeogenesi s can be  control l ed i ndependently s i nce 

the more usual regul atory mechani sm control l i ng the i nterconversion of 

F6P and FBP i s  not operati ve i n  P . shermani i .  

I n  order to di scover a poss ibl e regul atory mechani sm a detai l ed 

s tudy of the propert ies of the partial ly  pur i fi ed pyruvate k i nase was 

undertaken . I t  was shown to exh i b i t  hi ghly cooperative substrate 

k i neti cs and to be al los teri cal ly  acti vated by G6P and strongly i nhi bi ted 

by ATP and P i . The most s i gni fi cant fi ndi ng was that i nh ibi ti on by 

both ATP and Pi coul d be l argely overcome by G6P i f  present at a 

s uffi c i ently hi gh concentration.  These i n  vi tro data suggest that the 

activ i ty of the pyruvate ki nase may be regul ated duri ng growth on l actate 

by the combi ned i nh i bi tory effects of ATP and Pi but when suppl i ed wi th 
• 

a g lycol ytic  substrate such as gl ucose the i ncreased l evel of G6P woul d 

overcome the i nh i bi ti on caused by ATP and/or Pi and permi t acti ve 

g lycolys i s . 
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Determi nat ion of the concentrati ons of the effectors and substrates 

of pyruvate ki nase in P . shermani i growi ng under a wi de range of nutri ti onal 

cond i ti ons suggest that G6P i s  present at  suffi ci ently h i gh l evel s to be 

abl e to acti vate pyruvate ki nase during growth on gl ucose or glycerol 

( Secti on 5 .4 ) . However ,  duri ng growth on l actate the l evel of G6P 

i n  the cel l  rema i ns i n  the range 1-2 mM wh ich ,  wh i l e much l ower than 

the l evel s found i n  cel l s  growi ng on gl ucose or glycerol , woul d be h i gh 

enough to cause s i gn ifi cant acti vation of the pyruvate k i nase i n  the 

presence of the 1 . 0-1 . 5  mM ATP found i n  the ce l l s .  The cel l ul ar concentrati on 

of the other major i nh i bi tor of pyruvate ki nase acti v i ty ,  Pi , has not 

been determi ned but c l early ,  for the proposed mechani sm for the control 

of pyruvate ki nase to work i n  v i vo ,  i ts concentrati on must be suffi ci ently 

h i gh  to cause s ign i fi cant i nh i bi ti on of acti vi ty under the condi tions 

found i n  cel l s  growi ng on l actate ( i . e .  1 . 0  mM PEP and ADP , 1 . 0-1 . 5  mM ATP 

and 1 . 0-2 . 0  mM G6P (Tab l e  5 . 4 ) ) .  I n  the presence of h i gh gl ucose or 

g lycerol concentrati ons however , the i nternal Pi concentrati on must not 

be so h igh  as to i nh i b i t  the pyruvate k i nase acti vi ty under the condi tions 

found i n  those cel l s  ( i . e .  0 . 6  mM PEP , 1 . 0-1 . 5  mM ADP , 1 .0-2 . 0  mM ATP 

and 5 -16 mM G6P) . 

For thi s model to be val i d  e i ther the i ncreased l evel of G6P found 

i n  the gl ucose- and g lycerol -grown cel l s  compared to that i n  l actate-grown 

cel l s  must be abl e to acti vate pyruvate ki nase at the concentrati on of 

Pi in the cel l ,  or the poo l of free Pi i n  the cel l must change duri ng 

growth on the d i fferent carbon sources . A bri ef, prel imi nary i nvesti gati on 

of the rate of uptake of 32P by washed , resti ng cel l s  of P . shermani i 

does g i ve some support to the possi bi l i ty that the pool of free P i may 

be maintai ned at a h i gher l evel i n  cel l s  growi ng on l actate compared to 
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those on gl ucose or gl ycerol ( Secti on 7 . 3 ) . However, the data presented 

in Section 6 . 3 . 2  on pyruvate k inase acti v ity at in v i vo l evel s of 

substrates and effectors suggest that the former possi bi l i ty i s  most 

l i kely. Thus , at concentrations above 10 mM Pi , and at  the l evel s 

of PEP , ADP and ATP found i n  v i vo ,  concentrations of 1-2 mM G6P (as  

found i n  ce l l s  growi ng on  l actate ) were unabl e to act i vate the pyruvate 

ki nase wh i l e  concentrati ons of 5-1 5  mM G6P ( as found i n  cel l s  growi ng i n  

the presence of h i gh l evel s of gl ucose o r  glycerol ) were read i l y  abl e 

to overcome the i nh i bi tion caused by Pi . 

It  shou l d  be noted that the precise i n  vi vo concentrati ons of 

metabol i tes  are not known s i nce a cel l water vo l ume was not determi ned 

for P . s hermani i ( Secti on 2 .9 )  but the concentrations reported woul d not 

be s i gn i ficantl y d i fferent even i f  the actual cel l water vol ume l i es at 

the extremes of the range of val ues reported for other bacteri a .  

The h i gh l evel s of  G6P found i n  P . shermani i  duri ng growth o n  gl ucose 

have not been found i n  other bacteri a where thi s metabol i te has been 

measured . Under condi ti ons favouri ng glycolysi s G6P concentrations of up 

to 1 . 1  mM have been reported for E . col i ( Di etzl er et �. 1979 ) , 1 .6 mM 

for Streptococcus l acti s (Thompson , 1978) , 1 . 7 5  mM for Al cal igenes eutrophus 

H 16 ( Cook et !l• 1976 ) and 1 . 25  mM for Thermus thermophi l us ( Yoshi zaki 

and Imahori ,  1979b) . In these organi sms however , G6P is not the sol e  

'feed-forward ' acti vator of pyruvate ki nase as i s  apparently  the case i n  

P . shermani i ( Section 1 . 1 . 1 ) . 

I n  E . col i the type I pyruvate ki nase i s  acti vated by FBP wh i l e  the 

type I I  enzyme i s  activated by a wi de range of compounds i ncl udi ng G6P ,  

but ri bose 5-P and AMP are probably the most s i gn ifi cant acti vators 

(Waygood and Sanwal , 1974 ; Waygood et !l• 1975) . I n  thi s organi sm the 

in v ivo l evel s of FBP are reported to be as h i gh as 3 . 2 mM when growi ng on 
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gl ucose (Di etzl er et !L• 1975a ) . These workers propose a mechani sm 

for the control of i ts carbohydrate metabol i sm through fl uctuati ons i n  

the l evel s  o f  both FBP and G6P , cau sed by the i nfl uence o f  the energy 

charge on phosphofructoki nase .  

I n  Streptococcus l acti s the pyruvate k i nase i s  a l so acti vated by 

a wi de range of compounds . However in th i s  bacteri um  FBP appears to be 

the primary regul atory s i gnal i n  promoti ng glycol ysi s  a s  i ts l evel i n  

the cel l has been reported to be as  h i gh a s  20-25 mM when metabol i s i ng 

gl ucose but fal l s  to l ess than 0 . 1  mM on starvati on (Thompson and 

Thomas , 1977 ) . 

Yos hi zaki and Imahori ( 1 979b ) have reported that the l evel s of 

FBP , F6P and G6P are al l el evated i n  Thermus thermoph i l us duri ng growth 

on a gl ucose-conta i n i ng medi um compared to a gl uconeogeni c  medi um whi l e  

l evel s of PEP undergo oppos i te changes .  They cons ider however that 

the l evel s of PEP and F6P onl y  are the ma in  regul atory s i gnal s  i n  thi s 

organi sm provi di ng for a mechan i sm of " coupl ed regul ation" of glycolysi s 

and gl uconeogenes i s  as outl i ned i n  Secti on 1 . 1 . 1 . 

I n  P . shermani i  G6P i s  the only g lycolyti c i ntermediate ,  of those 

determi ned ( apart from pyruvate) , found at l evel s above 1 mM dur ing 

growth on gl ucose. The l evel s  of FBP found i n  P . shermani i  are l ess than 

0 . 2  mM dur ing growth on gl ucose . Thi s i s  i n  marked contrast to the 

concentrations of FBP found i n  E . col i ,  Streptococcus l a cti s and Thermus 

thermophi l us mentioned above . Thi s  d i fference i n  the metabol i te profi l e  

for P . shermani i compared to that i n  other bacteri a may be rel ated to the 

repl acement of the irrevers ib le  AlP-dependent phosphofructoki nase found 

i n  those bacteri a  (whi ch may provi de a thermodynami c s i tuation favouring 

the accumul ati on of  FBP ) by the freel y-reversi ble PPi -dependent phosphofructo

ki nase i n  P . shermani i  (whi ch woul d al l ow an equi l ibri um to be establ i shed 
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between the intermedi ates FBP. F6P and G6P ) . 

As the phosphogl ucoi somerase catalysed i nterconversi on of G6P 

and F6P i s  freely reversi bl e these two i ntermedi ates woul d  be expected 

to eo-vary in the cel l accord i ng to the equ i l i bri um constant for the 

reaction wh i ch i s  0 .45 ( Rol l eston and Newsholme ,  1967 ) .  However,  the 

expected mass-acti on ratio  of G6P : F6P of 2 . 2 : 1 has not al ways been 

found in vi vo .  Rol l eston and Newsholme ( 1967 ) found ratios of greater than 

5 : 1 i n  cerebral cortex sl i ces as d i d  Yoshi zaki and Imahori ( 1979b) i n  

Thermus thermophi l us whi l e  Thompson and Thomas ( 1977 ) found ratios of 

G6P : F6P as hi gh as 6 . 5 : 1  i n  Streptococcus l acti s cel l s  metabol i si ng 

gl ucose. I n  thi s i nvesti gati on the rati os of G6P : F6P  found i n  P . shermani i 

growi ng on ei ther l actate or glycerol under al l the condi ti ons studi ed and 

al so i n  the continuous cul tures on gl ucose are in the range 2 .8 : 1  to 8 : 1 

and most  are about 4 : 1 ,  s imi l ar to the ratios  reported i n  other 

organi sms (Tabl es 5 . 3 . 2 . 1 ,  5 . 3 . 2 . 2 and 5 .3 . 3 . 2 ) . However i n  batch 

cul tures on gl ucose, where the external gl ucose concentration i s  h i gh ,  

the G6P : F6P ratio ranges from 13 : 1  (Tabl e 5 . 3 . 2 . 1 )  to 19 : 1  (Tabl e 5 . 3 . 2 . 2 )  

whi ch i s  much hi gher than expected ( a simi l ar val ue o f  18 : 1 was found 

for thi s ratio i n  another batch cul ture on g l ucose , whi ch has not been 

reported i n  thi s thes i s ) . 

Thi s  very l arge shi ft from the equi l i bri um ratio found under certa i n  

condi ti ons i s  di ffi cul t to expl a i n  unl ess the phosphogl uco i somerase i n  

P . shermani i possesses some unusual ki neti c properties . I t  appears not 

to be rel ated to the hi gh G6P l evel s found in the gl ucose batch cul tures 

s i nce i n  the glycerol batch cul tures where the G6P i s  al so h igh the G6P : F6P 

rat io i s  much l ower.  Nor i s  i t  l i kely that two separate pool s of  G6P 

exi st as there i s  no cytol ogi cal bas i s  for compartmentation i n  prokaryotes 

and i n  any event i t  i s  unl i kely that compartmentation woul d be di fferent 

i n  gl ucose- and g lycerol -grown cel l s . The data seem to suggest that the 
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' forward '  reaction { i .e .  G6P __. F6P) catalysed by the phosphogl uco

i somerase may somehow be i nh i b i ted at hi gh external gl ucose concentrations . 

The possi bl e  s i gni fi cance of thi s poi nt wi l l  be di scussed l ater . Cl early ,  

both the G6P : F6P mass-action ratios i n  vi vo and the phosphogl ucoi somerase 

warrant further exami nati on to determine the val i di ty or otherwi se of thi s 

possi bi l i ty. 

Level s of glycolyti c i ntermedi ates , apart from pyruvate , i n  P . s hermani i  

when growi ng on l actate are general ly l ow and do not vary s i gn i fi cantly 

w i th changes in the growth rate or carbon source concentration . However 

pyruvate atta ined exceptional ly  h i gh concentrati ons on l actate and varied 

accord i ng to the concentrati on of l actate i n  the medi um { Secti on 6 . 2 . 3 ) . 

The si gni ficance of thi s  fi ndi ng was not i nves ti gated and i t  i s  poss i bl e  

that pyruvate may function as  a n  important regul atory ' s i gnal ' i n  

carbohydrate metabol i sm duri ng growth o n  l actate .  

The concentrati on of ATP found i n  P . shermani i remai ned constant 

wi th i n  the range 1 .0-2 . 2  mM over a wi de range of nutri tional condi tions . 

Thi s val ue i s  simi l ar to those reported for ATP i n  other bacteri a .  Level s 

of 1 . 5-2 . 5  mM ATP have been found i n  E . col i {Lowry et !L• 1971 ; Di etzl er 

et !L• 1975a and b ) , 2 . 8  mM i n  Thermus thermophi l us { Yosh i zaki and 

lmahori , 1979a) and 2 . 6-4 . 2  mM i n  Al cal igenes eutrophus H 16  { Cook et  !L 

1976 ; Wi l ke and Schlegel , 1975 ) .  

ATP appears to be a • secondary si gnal ' i n  regul ati ng pyruvate k i nase 

acti v i ty i n  P . shermani i provi di ng a constant i nh i b i tory act ion upon whi ch 

the activati ng effect of G6P i s  imposed as a • primary regu l atory s i gnal ' .  

The rol e  of the other major effector of pyruvate k i nase acti v i ty ,  i norgani c  

phosphate , cannot be resol ved as i ts l evel i n  the cel l i s  not known . The 

data presented i n  Section 6 . 3 . 2  on pyruvate k inase acti v i ty suggest  that  

a constant l evel of at l east 10  mM Pi i n  the cel l woul d al l ow for a control 
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of the pyruvate k i nase by varyi ng the G6P concentration  wi thi n  the 

range of  val ues found i n  v ivo .  However, changes i n  the l evel s  of Pi 

under di fferent nutri tional condi tions cannot be rul ed out as an al ternati ve 

means o f  contro l . There i s  l i ttle i nformati on avai l abl e on the l evel s 

of free Pi i n  bacteri a  due to di ffi cul ties i n  i ts measurement and the 

interpretation of resul ts . Harold and Spi tz ( 1975} reported that 

Streptococcus faecal i s  cel l s  attai ned an internal concentration of 75 mM 

Pi on a med i um conta in ing  10 mM Pi so the val ue of 10- 15 mM Pi requ i red 

for the operation of the mechani sm of regul ati on of pyruvate k i nase i n  

P . shermani i i s  not unreasonably hi gh . The ab i l i ty o f  G6P to overcome 

i nh i b i ti on at concentrati ons of P; greater than 12  mM was not i nvesti gated . 

Thi s  woul d be of i nterest .  

I n  summary, the regul atory properties of pyruvate ki nase i n  P . s hermani i ,  

whi l e  conformi ng to the general properties of  bacteria l  pyruvate ki nases , 

are s peci fi cal ly  rel ated to the key features of carbohydrate me tabol i sm 

i n  th i s  organi sm. 

8 . 2  FURTHER POSSI BLE ROLES OF G6 P  AS A REGULATOR O F  CARBOHYDRATE 

METABOLISM IN  P . SHERMAN I I  

The regul ati on o f  pyruvate ki nase has s o  far been cons idered solely 

from the poi nt of v iew of the need to control the opposi ng pathways of 

glycolysi s and gl uconeogenesi s and the proposed model does seem to 

provi de a pl ausi bl e mechani sm for thi s .  

However ,  the model i s  not enti rely cons i s tent wi th some of the resu l ts 

presented . I n  parti cul ar,  the resul ts of one experiment are di ffi cul t 

to reconci l e  wi th the proposal that el evated G6P l evel s  ( i n  excess of 5 mM) 

are essenti al for active glycolys i s .  I n  the h i gh d i l ution rate conti nuous 

cul ture on gl ucose ( Section 5 . 3 . 3 . 2 }  the growth rate was very s imi l ar to 
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the maximum obtai ned i n  batch cul tures on g lucose and presl.l11ably,  

therefore ,  the rate of glycolys i s  was al so s imi l ar .  Yet  the l evel of  G6P 

i n  these cel l s  was s imi l ar to that  found i n  the l ow d i l ution rate 

gl ucose conti nuous cul ture rather than that found i n  the gl ucose batch 

cul tures . I n  fact , the G6P l evel was s imi l ar to that found i n  cel l s  

growing o n  l actate , where the pyruvate k i nase s hould b e  strongly 

i nh i b i ted .  Thus i t  seems that a h i gh rate of glycolysi s i s  not necessari ly 

dependent on a hi gh G6P concentration i n  the cel l .  

Th i s  apparent anomaly suggests that a consi derabl e portion of the 

glycolyti c fl ux under these condi tions (of l ow G6P concentrati on ) may 

proceed vi a the pyruvate , orthophos phate d i kinase , whi ch can al so function 

i n  the d i rection PEP to pyruvate ( Evans and Wood , 1968) , rather than v i a  

the pyruvate ki nase . The exact extent to wh ich the di k i nase woul d need 

to carry the glycolyti c fl ux from PEP to pyruvate woul d depend upon the 

preci se  concentrati on of free i norgani c phosphate i n  P . shermani i  when 

growi ng on gl ucose.  If the l evel of  P i in  these cel l s  i s  l ower than that 

in cel l s  growi ng on l actate then the concentrati ons of  2 .0 and 2 .05 mM 

G6P found i n  the gl ucose conti nuous cul tures { Tabl e 5 . 3 .2 . 2 )  may wel l cause 

some acti vation of the pyruvate kinase whereas the 1 .05-1 .9 mM G6P found 

i n  the various  l actate cul tures woul d presumably not be suffi ci ent to 

overcome the i nh i b i ti on a t  the Pi concentrati on present i n  these cel l s .  

Under these condi ti ons of l ow i nternal G6 P  concentration i t  may be more 

l i kely that both the pyruvate , orthophosphate d i k i nase and pyruvate 

ki nase enzymes contri bute to the glycol yti c fl ux at  thi s  l evel . 

I f  the d i k i nase { pl us the res idual acti vi ty of the ' i nh i b i ted '  

pyruvate ki nase)  can function at  a suffi ci ent rate to sustai n growth at  

near i ts maximum rate on a gl ucose med i um  then what i s  the  s i gni fi cance 
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of the proposed mechani sm for the control of  the pyruvate k i nase? 

I t  i s  possi bl e that the regul ation of  pyruvate ki nase may have 

another function - to regul ate the rel ati ve amounts o f  PEP metabol i sed 

v i a  the pyruvate kinase {which generates ATP )  and the PEP : carboxytrans

phosphoryl ase {whi ch generates PP; ) .  

Metabol i sm of PEP v ia  the carboxytransphos phoryl ase resul ts i n  

the accumul ation o f  succi nate s i nce the transcarboxyl ase reaction ,  

essenti al for propi onate formation ,  i s  bypassed .  I t  i s  the carboxytrans 

phosphoryl ase reaction whi ch l eads to co2 fi xati on i n  propi onibacteri a and 

i t  was thi s  d i scovery by Wood and Werkman i n  the 1930 ' s  that l ead to 

the recogni tion of the importance of heterotroph ic  co2 fi xation i n  l i v i ng 

organi sms . Subsequent workers { e . g .  Wood and Werkman , 1940 ; Johns , 1951 )  

descri bed the rel ationsh i p  between co2 concentration and succi nate 

accumul ation al though a t  that time the succi nate so formed was cons i dered 

to be an i ntermediate i n  prop ionate formation .  I t  i s  now cl ear from 

the l ater work by Wood and eo-workers that succ inate and propionate 

are al ternati ve products of PEP metabol i sm dependi ng on whether thi s  

proceeds vi a the carboxytransphosphoryl ase o r  v i a  pyruvate and the 

transcarboxyl ase . 

The production of succi nate was measured i n  the experiments descri bed 

i n  Chapter 5 and was shown to d i ffer cons i derably accord i ng to the 

growth substrate . On l actate i t  amounts to only 1-4% of the products , o n  

gl ucose u p  to 26% and on  glycerol usual l y  just l ess  than 20% {Tabl es 3 .4 , 

5 . 3 . 2 . 2  and 5 . 3 .3 . 1 ) . S i nce the producti on of succi nate by P . shermani i  

i s  important as an i ndi cator of the fl ow of metabol i tes  from PEP through 

the PEP : carboxytransphosphoryl ase reacti on thi s  shi ft towards much greater 

succi nate production on gl ucose { and glycerol ) has important impl i cations 
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for the carbohydra te metabol i sm of P . s hermani i .  

As descri bed i n  Section 1 .2 the glycolyti c reaction from F6P to 

FBP i n  propioni bacteri a i s  catalysed by a PPi -dependent phosphofructoki nase 

wh ich uti l i ses the h i gh standard free energy change of hydrolys i s  of PP; 

i ns tead o f ATP. Duri ng active glycolys i s  th i s  requi res a major catabol i c  

source of PP1 • A s  poi nted out i n  Section 1 . 2 ,  s uch a source o f  PP; 

woul d not be  requi red duri ng growth on l actate or glycerol but only on  

gl ucose.  If ,  a s  suggested above,  the pyruvate , orthophosphate di ki nase 

al so functions i n  glycolysi s  and accounts for a portion of  the fl ux from 

PEP to pyruvate when the i nternal G6P concentration i s  l ow ,  i t  woul d 

a l so requ i re a catabol i c  source of PP; duri ng growth on gl ucose.  

The so-cal l ed • pyruvate reaction • cata lysed by the PEP : carboxytrans

phoryl ase { Section 1 . 2 )  i s  not l i kely to prov ide a source of PP; under 

the growth cond i tions used i n  thi s i nvesti gation as the cul tures were 

conti nuous ly  sparged with a 95% N2 , 5% co2 gas mixture and thus the co2 

l evel i n  the cel l wou l d  probably prevent the • pyruvate reaction • proceedi ng 

(Wood , 1977 ) .  

The h i gh  succi nate l evel s i n  gl ucose cul tures of P . s hermani i ( up to 

26% of products) however , woul d s uggest that the carboxytransphosphoryl ase 

does i ndeed provi de one major source of PP; vi a the normal reaction to 

OAA. I n  the hi gh di l uti on rate conti nuous cul ture on  gl ucose the s teady

state l evel of succi nate produced was 6 . 2  mM whi ch woul d provide 0 .56 mol es 

of PP; ( from the carboxytransphosphoryl ase reacti on) per mol e of gl ucose 

metabol i sed . However , i f  gl ucose metabol i sm is proceedi ng from F6P to 

FBP enti rely v i a  the PP; -dependent phosphofructoki nase and al so i f  the 

pyruvate ,  orthophosphate d i ki na se is sol ely  res pons i bl e  for the fl ux from 

PEP to pyruvate u nder these condi tions th i s  mol ar ratio woul d only provi de 

about 21% of the PP; requi red . The actual fi gure may wel l be much hi gher 
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than thi s  though , si nce , as described above ,  the pyruvate k i nase may 

remai n  parti al l y  acti ve under these condi ti ons and s ti l l  carry a portion 

of the fl ux from PEP to pyruvate . Al so , the HMP pathway, whi ch operates 

at l east to some extent duri ng gl ucose metabol i sm (Section 1 .2 ) may 

carry a portion of the fl ow of metabol i tes from G6P to triose  phosphate , 

thus at l east  i n  part bypass i ng the PP; -dependent phosphofructoki nase 

reaction. 

Simi l ar cal cul ations on the amount of PP; produced cannot be 

performed for the batch cul tures as the concentrations of end-products 

determi ned are not steady-state val ues as i n  conti nuous cul tures . 

However i t  can be seen qual i tati vely, from the gl ucose batch cul ture 

shown i n  F i gure 5 . 3 . 2 . 3( b ) , that the proportion of s ucci nate produced 

i ncreases duri ng growth - representing 14% of the products early i n  

the logari thmi c phase o f  growth and i ncreasi ng to 24% l ate i n  the 

l ogari thmi c phase . Th i s  i s  cons i stent wi th the fal l i ng G6P l evel s i n  

the cel l resul ti ng i n  a greater di version of PEP via  the carboxytrans

phosphoryl ase  reaction as the gl ucose concentration drops . Thi s 

l eaves the probl em of how the cel l obta i ns suffi ci ent P P; duri ng the 

early l ogari thmi c phase when the G6P concentration i s  hi gh and the succi nate 

l evel s are l ow. Thi s  probl em wi l l  be cons idered below .  

The h i gh proportion of  s ucci nate (up  to  20%) produced i n  glycerol 

cul tures of  P . sh ermani i suggest that a cons iderab le  proportion of thi s  

subs trate i s  al so  di rected i nto PP; production by the carbo�transphos

phoryl ase reaction .  The fact that co2 is requ i red for growth on glycerol 

woul d tend to support thi s  conc lus i on .  However,  the reason for the production 

of PP; is not as c l ear for growth on glycerol as it i s  for growth on 

gl ucose as the PP; -dependent phosphofructoki nase is not requi red to operate 

i n  the d i rection of PP; consum�tio� ·duri ng the uti l i sation of g lycerol . 
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The pyruvate . orthophospha te d i k i nase may a l so function i n  the g lycolytic  

di rection duri ng growth on glycerol and to thi s  extent PPi  woul d be 

requ i red . However . when growi ng i n  the presence of h i gh l evel s of 

glycerol . where the i nternal G6P concentration i s  al so h i g h .  the pyruvate 

k i nase wou l d  be expected to be ful ly acti ve . Under these condi tions there 

i s  no obvi ous need for PP; production and yet s i gni fi cant l evel s of 

succi nate are sti l l  produced . 

The l ow proportion  of s ucci nate ( and thus PP; ) produced duri ng growth 

on l actate ( 1-4%) i s  cons i stent wi th the l ack of  any PP; uti l i s i ng 

enzyme i nvol ved i n  the metabol i sm of thi s  s ubstrate and further 

confi rms the apparent correl ation between succi nate production and PP; 

uti l i sation found duri ng growth on gl ucose ( and glycerol ) . I t  wou ld  

be of i nterest to study the factors wh i ch s peci fical ly  restri ct the 

d i vers i on of PEP desti ned for gl uconeogenes i s  from bei ng metabol i sed v ia  

the PEP : carboxytransphosphoryl ase duri ng growth on  l actate . O ' Bri en and 

Wood ( 1974 ) described a possi b l e  control of the carboxytransphosphoryl ase 

by l i gand-i nduced subuni t i nteractions as described i n  Section 1 . 2 .  Thus 

OAA (a product of the reaction ) . fumarate and mal ate coul d i nh i bi t acti v i ty 

by i nducing dimeri sation. The effect of pyruvate on  thi s  enzyme was 

apparentl y  not determi ned . However . as i t  can be a product of the reaction 

i n  certai n  c i rcumstances (Wood , 1977) . i t  may al so be abl e  to i nduce 

d imeri sation.  As the l evel s of pyruvate found were excepti onal l y  h i gh 

duri ng growth on  l actate thi s coul d present a pl ausi bl e mechani sm whereby 

PEP coul d be prevented from bei ng di verted i nto s ucci nate production  duri ng 

gl uconeogenes i s  o n  thi s substrate . Th i s  requi res further s tudy . 

A further rol e  of G6P i n  regul ati ng carbohydrate metabol i sm i n  

P . shermani i may b e  to control the rel ati ve fl ux  v i a  g lycolysi s and the 

HMP pathway. A prel imi nary study of the rel ati onshi p between G6P 
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concentrati on and G6P dehydrogenase acti vi ty ( Section 7 . 2 )  suggests that 

activi ty i ncreases up to 20 mM G6P al though i n  a very compl ex fashi on .  

Thus a t  h i gh  i nternal G6P concentrations , as i n  gl ucose batch cul tures 

dur ing the l ogar i thmi c phase of growth , there may be a considerabl e fl ow 

of gl ucose metabol i sm v ia  the HMP pathway whi ch bypasses a t  l east one 

PP; requi ri ng step of glycolysi s .  Di vers i on i nto the HMP pathway may be 

further enhanced i f  the phosphogl ucoi somerase reaction ,  i n  the direction 

G6P� F6P ,  i s  i ndeed i nhib i ted at  h i gh gl ucose concentrati ons as suggested 

earl i er al though such a poss i bi l i ty i s  h i ghly specul ati ve.  I f  a 

consi derabl e  portion of gl ucose i s  metabol i sed to triose via  the HMP 

pathway the probl em  ra i sed earl i er regard i ng PP; production and uti l i sation 

i n  gl ucose batch cul ture can be expl a i ned as fol lows . 

Duri ng the early stages of batch  cul ture , when the external g lucose 

and i nternal  G6P concentrati ons are both hi gh , a s i gni fi cant portion of 

gl ucose catabol i sm i s  via the HMP pathway to tri ose and thence via  the 

pyruvate k i nase (which woul d be ful ly acti ve ) to pyruvate and on to 

propionate and acetate . I n  thi s s i tuation the requi rement for PP; for 

the PP; -dependent phosphofructoki nase and pyruvate , orthophosphate d i ki nase 

reactions woul d be l ow. The production of PP; is a l so l ow here as there 

i s  l i ttl e fl ow v i a  the carboxytransphos phoryl ase s i nce the pyruvate k i nase 

i s  acti ve .  In  l a te l ogari thmi c phase as the external gl ucose concentration 

fal l s  so does the i nternal G6P concentrati on and �e pyruvate k i nase woul d  

be l ess acti ve as a resul t. Under these condi tions more PEP wou ld  be 

di verted to succi nate production vi a the carboxytrans phos pho�yl ase gi v i ng 

suffi ci ent PP; to al l ow a greater proportion of gl ucose metabol i sm to occur 

v i a  glycol ys i s  i nstead of the HMP pathway . 
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I n  concl us ion there appear to be three poss ibl e rol es of G6P a s  a 

regul ator of carbohydrate metabol i sm i n  P . shermani i :  

1 .  Control of the rel ati ve rates of PEP metabol i sm through pyruvate 

ki nase duri ng gl ycolysi s and gl uconeogenes i s .  

2 .  Control of the rel ative rates o f  PEP metabol i sm v i a  the pyruvate 

ki nase and PEP : carboxytransphosphoryl ase reactions . 

3 .  Control of  the rel ati ve metabol i c  fl ux i nto the glycol yti c and 

HMP pathways . 

8 . 3  AREAS FOR FURTHER STUDY 

Enzyme Regul ation 

Wh i l e  the ki neti c and regul atory properti es of  a number of enzymes of 

carbohydrate metabol i sm in P . shermani i have now been determi ned , a further 

study of several other enzymes woul d be of i nterest.  Apart from the . 

pyruvate ki nase descri bed i n  thi s i nvestigation the PEP : carboxytrans phosphory

l ase  has a l so been shown to possess regulatory properti es ( O ' Bri en and 

Wood , 1974 ) . O ' Brien et !l• ( 1975) studi ed the PPi -dependent phospho

fructoki nase but were unabl e to fi nd any al l osteri c effectors of · thi s 

enzyme. The reaction mechani sm of the pyruvate ,  orthophosphate di ki nase 

has al so been i nvesti gated i n  some deta i l  (Mi l ner and Wood , 1976 ) .  

However ,  i n  vi ew of the s trategi c  pos i tion of  thi s  enzyme i n  metabol i sm and 

the poss i bi l i ty that i t  functions both i n  glycolys i s  and gl uconeogenes i s  

a further s tudy i s  warranted to determi ne possi bl e regul atory properti es 

of the enzyme. 

The prel imi nary study of  the G6P dehydrogenase described i n  Section 

7 . 2  cl early i ndi cates the need for a much more detai l ed i nvesti gation of 

thi s  enzyme . I t  has been found to be  a regulated enzyme i n  other bacteri a  
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and as i t  catalyses the fi rst  reaction of the HMP pathway it is i dea l l y  

s i tuated to control the fl ow o f  metabol i tes i nto that pathway . 

Phosphogl uco i somerase catalyses the first reaction i n  glycolys i s 

after the HMP/glycolytic  branchpoi nt and the unusual ly h i g·h G6P : F6P 

rati os found i n  gl ucose batch cul tures have s uggested the need for 

further s tudy of thi s  enzyme . 

Al l en et !L ( 1964) pos tul ated the presence of a pyruvate dehydrogenase 

i n  P . s hermani i . However , Castberg and Morri s ( 1978 ) were unabl e to 

demonstrate the presence of the three-enzyme pyruvate dehydrogenase 

compl ex found in other mi croorgani sms . The characteri sation of th i s  

enzyme and a study o f  i ts regul ation i s  requi red to understand the control 

of acetate formation i n  propioni bacteri a .  

Carbohydrate Metabol i sm 

On the bas i s  of observations made i n  the course of thi s s tudy some 

areas wh i ch deserve a much ful l er and more sys temati c i nvesti gation i ncl ude : 

( a ) The s igni fi cance of succi nate formati on 

Succi nate accounts for up to 26% of the products duri ng growth on 

gl ucose and it has been suggested that formation of thi s  product v i a  the 

carboxytransphosphoryl ase may prov ide at  l east some of the PP; requi red 

for glycolysi s .  Thi s i n  turn may be rel ated , ei ther d i rectly or  i ndi rectly ,  

to the rel ative fl ux through gl ycolysi s and the HMP pathway by control of 

G6P l evel s .  Si nce the amount of s ucci nate produced i s  affected by the 

l evel of co2 provi ded i n  the�medi um (Wood and Werkman ,  1940) a systemati c 

study of product bal ances and the rel ati ve acti vi ty of g lycolysi s  and 

the HMP pathway at di fferent co2 concentrations coul d prov ide useful 

i nformation on the si gni ficance of the carboxytransphosphoryl ase reaction 
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( b) The mechani sm of gl ucose uptake .  

193 .  

The rel ationsh i p  between external gl ucose concentration and i nternal 

G6P concentration sugges ts that g lucose uptake may i nvol ve more than one 

uptake system.  Thi s rel ationsh i p  needs to be defi ned more careful ly  

especi a l l y  i n  the early stages of  growth where G6P l evel s i n  excess of 

15 mM may occur.  I t  is  not known whether the PEP: phosphotransferase 

system operates in  propioni bacteria and th i s  requi res i nvesti gation.  

( c )  The metabol i sm  of  glycerol 

The metabol i sm of glycerol has not been as ful l y  i nvesti gated as 

that of gl ucose or l a ctate and the present study has l eft a number of 

unanswered questi ons . The speci fi c activi ti es of both pyruvate k i nase 

and PEP : carboxytransphosphoryl ase are cons i s tently hi gher in cel l s  grown 

on glycerol compared to ei ther g lucose or l actate wh i l e  l evel s of the 

pyruvate, orthophosphate d i k i nase are l ower . The reason for the d i fferences 

i n  these enzyme l evel s between the glycerol - and gl ucose-grown cel l s  

i s  not cl ear . 

There i s  s i gni fi cant product ion of  succi nate duri ng growth on  glycerol . 

The reason for th i s  i s  not obvious si nce PP; i s  not requi red for g lycolys is  

on glycerol . Thi s may be rel ated to the requi rement for co2 for growth on 

glycerol . 

Perhaps the most  i nteresti ng aspect · of glycerol metabol i sm i s  that 

acetate i s  not produced i n  the fermentation.  The mechani sm by whi ch acetate 

production i s  shut off i s  not known and requi res .further s tudy .  The 

metabol i te profi l e  obtai ned from 14c-l abel l i ng of glycolyti c i ntermediates 
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i nd icated a major band i n  the region of glycerol 3-phosphate i n  the 

glycerol extract ( Section 5 . 2 . 2 ) . Al though thi s was not confi rmed i t  

woul d not be unexpected as glycerol 3-phosphate i s  the fi rs t  i ntermedi ate 

of glycerol metabol i sm i n  the cel l . Thi s metabol i te mi ght concei vably 

be  i nvol ved in  i nh i b i t ing the production of acetate by affecti ng one of 

the enzymes i n  the pathway to acetate . 

( d )  S ign i fi cance of h igh l evel s of pyruvate i n  cel l s  grown on  l actate . 

The exceptional ly hi gh l evel s of pyruvate found i n  P . s hermani i 

growi ng on  l actate were not expl ai ned and requi re further study to 

determi ne any rol e they may pl ay i n  control l i ng metabol i sm duri ng growth 

on th i s  substrate.  One poss i bi l i ty that has been  s uggested a l ready i s  

that pyruvate may be abl e to i nhi bi t the carboxytransphosphoryl ase  reaction 

thus preventi ng the accumul ation of succi nate duri ng g l uconeogenes i s  from 

l actate . 

Energy Metabol i sm 

Atki nson ( 1977 )  consi ders that the energy charge of l i v i ng cel l s  

rema i ns constant over a broad range of nutr it iona l condi tions provi d i ng 

a constant i nput i nto the regul ation of  cel l ul ar metabol i sm.  Th i s  i s  

cons i s tent wi th the fi nd i ng of fai rly  constant l evel s of ATP a nd ADP i n  

extracts o f  P . shermani i over a wide range of condi tions . 

However , the i n  v i vo l evel s of two other i ntermed i ates of energy 

metabol i sm ( P; and P P; ) probably atta i n  a greater s i gni fi cance i n  

P . shermani i  than  i n  other bacteria  due to the uni que metabol i c  features of 

thi s organi sm ( Section 1 . 2 ) . 

level s of Pi have not been determi ned i n  P . s hermani i  for reasons 

d i scussed el sewhere and wh i l e  prel imi nary attempts were made to measure 
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the l evel s of PP ; • and i ndi cated the presence of detectabl e l evel s ,  

the val ues obta i ned are not rel iabl e .  The i n  v ivo concentrations of - -
these metabol i tes rema i n  to be determi ned . 

The metabol i sm of P; and PP; i n  P . s hermani i  i s  l i kely to be compl ex 

and i ts regul ati on may be important i n  the overal l regul ation of 

carbohydrate metabol i sm.  t4ood et � { 1977 ) suggest PP; may be generated 

by el ectron-transfer-l i nked phosphorylation to fumarate , whi l e  the 

presence of polyphos phate may a l so be i nvol ved i n  P; /PP; metabol i sm .  

As reported by Wood ( 1977 ) ,  and confi rmed i n  thi s  study , P . shermani i  

conta i ns an i norgani c pyrophosphatase whi ch presumably must be control l ed 

i n  vi vo .  These are l i kely to be frui tful areas for further study .  



196 . 

B IBLIOGRAPHY 

Ai nsworth , S .  and Macfarl ane , N .  ( 1973) . A ki neti c study of rabbi t muscl e 

pyruvate k i nase . Bi ochem. J .  131 , 223-236 . 

Al emohammad , M.M.  and Knowl es , C . J .  ( 1974) . Osmoti cal ly i nduced vol ume 

and turbi di ty changes of Escheri chi a  col i due to sal ts , sucrose and glycerol , 
wi th parti cul ar reference to the rapi d  permeation of glycerol i nto the cel l .  
J .  Gen . Mi crobi al . 82 , 125-142 . 

Al l en ,  S . H . G . , Kel lermeyer ,  R.W . , Stjernhol m,  R . L .  and Wood ,  H . G .  ( 1964) . 

Puri fi cati on and properti es of enzymes i nvol ved i n  the propioni c aci d 

fermentati on . J .  Bacteri al . 87 , 171- 187 . 

Atk inson , D . E .  ( 1977) . Cel l ul ar Energy Metabol i sm and i ts Regulati on .  

Academi c Pres s ,  New York . 

Bal tscheffsky , H .  and von Stedi ngk , L . V .  ( 1966) . Bacteri al photophosphoryl 

ati on i n  the absence of added nucl eoti de . A second i ntermedi ate s tage of 

energy transfer in l i ght-i nduced formation of ATP . Biochem. Bi ophys .  Res .  
Commun . 22 , 722-728 . 

Bauchop , T .  and El sden , S . R . ( 1960 ) . The growth of mi croorgani sms i n  
rel ation to thei r energy supply.  J .  Gen . Mi crobi al . 2 3 ,  457-469. 

Benziman , M. ( 1969 ) .  Factors affecti ng the acti vi ty of pyruvate ki nase 
of Acetobacter xyl i num. Biochem. J .  1 12 , 631-636 . 

Bi ssett , O . L .  and Anderson , R . L .  ( 1974 ) . Lactose and 0-gal actose metabol i sm 

i n  group N streptococci : presence of enzymes for both the 0-gal actose 
!-phosphate and 0-tagatose 6-phosphate pathways . J .  Bacterial . 1 1 7 ,  318-320.  

Bl ack , S . H .  and Gerhardt , P .  ( 1962 ) . Permeabi l i ty of bacteri al spores . 

IV .  Water content , uptake and di s tri buti on . J .  Bacteri al . 83 , 960-967 . 

Bradford , M .M .  ( 1976 ) .  A rapi d and sens i ti ve method for the quanti tation 

of mi crogram quanti ti es of prote i n  uti l i s i ng the pri nci pl e of prote in-dye 

bi ndi ng. Anal . Bi ochem. 72 , 248-254 . 

Carnal , N . W.  and Bl ack , C . C .  ( 1979 ) . Pyrophosphate-dependent 6-phospho

fructoki nase , a new glycolyti c enzyme i n  pi neappl e l eaves . B iochem. Bi ophys . 

Res . Commun . 86 , 20-26 . 



197 . 

Castberg , H . B .  and Morri s ,  H .A .  ( 1978) . The pyruvate oxi d i s i ng system 

of Propi oni bacteri um freudenrei chi i s ubsp . shermani i .  Mi l chwi ssenschaft 
33 , 541-544 . 

Chapman , A . G . and Atki nson , D . E .  ( 1977) . Adeni ne nucl eoti de concentrati ons 

and turnover rates . Thei r correl ati on wi th biol ogi cal acti vi ty i n  bacteri a 

and yeast.  Adv . Microbi al Phys iol . }i, 253-306 . 

Chuang , D . T .  and Utter ,  M . F .  ( 1979 ) .  Structural and regul atory properti es 

of pyruvate ki nase from Pseudomonas ci tronel lol i s .  J .  Bi ol . Chem. 254 , 
8434-8441 .  

Cohn,  M .  and Hughes , T . R . Jr .  ( 1960) . Phosphorus magneti c resonance spectra 

of adenos i ne di - and tri phosphates . I .  Effect of pH . J . Bio l . Chem. 
235 , 3250-3253. 

Cohn,  M.  and Hughes , T . R .Jr  ( 1962 ) . Nucl ear magneti c resonance spectra 

of adenos i ne di - and tri phosphate .  1 1 .  Effect of compl exi ng wi th 

d i val ent metal i ons . J .  B i ol . Chem. 237 , 176-181 . 

Col l i ns , L . B .  and Thomas , T . D .  ( 1974 ) . Pyruvate k i nase of  Streptococcus 

l acti s .  J .  Bacteri al . 120 , 52-58. 

Cook , A .M .  and Fewson , C .A .  ( 1972 ) . Evi dence for speci fi c transport 

mechani sms for aromati c compounds i n  bacteri um N . C . I . B .  8250. Bi och im. 
Bi ophys . Acta 290 , 384-388. 

Cook , A . M. and Sc� egel , H . G .  ( 1978) . Metabol i te concentrati ons i n  

Al cal igenes eutrophus H16 and a mutant defecti ve in poly-s-hydroxy-butyrate 

synthes i s .  Arch . Mi crobi al . 1 19 , 231-235 . 

Cook ,  A .M . , Urban , E .  and Schl egel , H .G .  ( 1976 ) . Measuri ng the 

concentrati ons of metabol i tes i n  bacteri a .  Anal . B iochem. 1£, 191-201 .  

Cooper,  R .A .  and Kornberg , H . L .  ( 1965) . Net formati on of phosphoenol 

pyruvate from pyruvate by Escheri chi a col i . Bi ochim.  Bi ophys . Acta 
104 , 6 18-620 . 

Costa , L . , J imenez de Asua , L . , Rozengurt , E . , Bade , E . G .  and Carmi natti , H .  

( 1972 ) .  Al losteri c properties of the i soenzymes of pyruvate ki nase from 
rat ki dney cortex.  B i ochi m. B iophys . Acta 289 ,  128-136 .  



Crow , V. l .  ( 1975 ) .  The regul ati on of some glyco lyti c enzymes i n  

Streptococcus l acti s .  Thesi s ,  Ph . D. , Massey Un i vers i ty. 

198. 

Crow, V . l .  and Pri tchard , G . G. ( 1976 ) . Puri fi cati on and properties of 

pyruvate k i nase from Streptococcus l acti s .  B i ochim. B i ophys . Acta 
438 ,  90-101 .  

Crow, V . l .  and Pri tchard , G . G .  ( 1977) . Fructose 1 ,6-di phosphate-acti vated 

l-l actate dehydrogenase from Streptococcus l acti s : Ki neti c properties and 

factors affecti ng acti vati on . J .  Bacterial . 131 , 82-91 .  

Davi s ,  B . J .  ( 1964 ) . D i s c  el ectrophoresi s .  1 1 .  Method and appl i cation to 

human serum prote ins . Ann . N . Y .  Acad . Sci . 121 , 404-427 .  

Dietzl er , D . N . , leck i e ,  M. P . , Bergstei n ,  P . E .  and Sughrue , M . J .  ( 1975a) . 

Evi dence for the coordi nate control of glycogen synthes i s ,  gl ucose 

uti l i zati on , and glycolys i s  in Escheri chi a  col i .  I .  J .  B iol . Chem. 250 , 
7188-7193. 

Dietzl er,  D . N . , lecki e ,  M . P . , Magnani , J . l . , Sughrue , M.J .  and Bergstei n ,  P . E .  
( 1975b ) .  Evi dence for the coordinate control of glycogen synthes i s , gl ucose 

uti l i zation , and glycolysi s i n  Escheri ch i a  col i . 1 1 .  J .  Bi ol . Chem. 250 , 
7194 -7203.  

Di etzl er,  D . N . , leckie , M . P . , Sternheim ,  W .l . , Ungar , J . M. , Crimmi ns , D . l .  
and lewi s ,  J . W. ( 1979 ) . Regul ati on of glycogen synthes i s  and gl ucose 

uti l i zation i n  Escheri ch i a  col i duri ng mai ntenance of the energy charge . 
J .  Biol . Chem. 254 , 8276-8287 . 

Doel l e ,  H . W. ( 1969 ) . Bacteri al Metabo l i sm. Academi c Press ,  New York . 

Drake , H . l . , Goss , N . H . and Wood , H . G .  ( 1979) . A new , conveni ent method 
for the rapi d analysi s of i norgani c pyrophosphate . Anal . Bi ochem. 94 , 1 17-120. 

Ei senthal , R .  and Corn i s h-Bowden , A .  ( 1974 ) . The di rect l i near plot.  

A new graph i cal procedure for esti ma�i ng enzyme ki neti c parameters . B iochem. 
J .  139 . 715 -720 . 

Endrenyi , l . , Fajsz i ,  C .  and Kwong ,  F . H . F . ( 1975 ) . Eval uati on of Hi l l  

s lopes and H i l l  coeffi ci ents when the saturati on b indi ng  or veloci ty i s  
not known . Eur. J .  Biochem. �. 317-328. 



199 .  

Evans , H . J . and Wood , H . G .  ( 1968) . The mechan i sm of the pyruvate , phosphate 

d ik inase reaction . Proc . Natl . Acad. Sci . U . S .A .  �. 1448-1453 . 

Gottschal k ,  G .  ( 1978) . Bacteri al Metabol i sm. Spri nger - Verl ag , New York . 

Hami l ton , W .A .  and Dawes , E .A. ( 1959 ) . A di auxi c effect wi th Pseudomonas 

aerugi nosa .  Biochem. J .  1!• 25-26P .  

Hammes , G . G . , Maci el , G . E .  and Waugh , J . S .  ( 1961 ) .  The  conformation of 

metal -adenosi ne tri phosphate complexes in sol uti on . J .  Amer. Chem. Soc . 
83 , 2394-2395 . 

Hari l and , R .T .  and Bi eber , l . L .  ( 1970) . Sci nti l l ation counti ng of 32p 

wi thout added sci nti l l ator i n  aqueous sol utions and organi c  sol vents and 

on dry chromatographi c medi a .  Anal . Biochem . 33, 323-334 . 

Harol d ,  F .M .  and Spi tz , E .  ( 1975 ) . Accumul ation of arsenate , phosphate 

and aspartate by Streptococcus faecal i s .  J .  Bacterial . 122 , 266-277.  

Hatch , M.D.  and Slack , C . R . ( 1968) . A new enzyme for the i nterconvers ion 

of pyruvate and phosphopyruvate and i ts role i n  the c4 di carboxyl i c  

aci d pathway o f  photosynthesi s .  Bi ochem. J .  106 , 141- 146 . 

Hess , B .  and Haeckel , R.  ( 1967 ) . Interaction between potassi um- , ammoni um

and fructose-1 ,6-di phosphate acti vati on of yeast pyruvate ki nase . 

Nature 2 14 ,  848-849 . 

Hetti nga , D . H .  and Rei nbol d ,  G .W.  ( 1972a) . The propion i c-aci d bacteri a -

a review. I .  Growth . J .  Mi l k  Food Technol . 35 , 295-301 .  

Hetti nga , D . H .  and Re i nbol d ,  G .W .  ( 1972b) . The propi oni c-aci d bacteri a -

a revi ew. 1 1 .  Metabol i sm .  J .  Mi l k  Food Technol . 35 , 358-372 . 

lbsen , K. H .  ( 1977) . I nterrel ati onshi ps and functi ons of  the pyruvate ki nase 

i sozymes and the i r  vari ant forms : A revi ew. Cancer Res . 37 , 341-353.  

lbsen , K.H .  and Tri ppet , P .  ( 1973) . A compari son of k i neti c parameters 

obtai ned wi th three major non- interconvertible  i sozymes of rat pyruvate 
ki nase . Arch . Biochem. Biophys . 156 , 730-744. 

I rvi ng , M . G. and Wi l l i ams , J . F . ( 1973) . Ki neti c studi es on the regul ation 

of rabbi t l i ver  pyruvate ki nase . Biochem. J. 131 , 287-301 . 



Johns , A .T .  ( 1951 ) .  The mechan i sm of propi oni c aci d formati on by 

propioni bacteri a .  J .  Gen .  Mi crobial . i• 337-345 . 

200. 

Kapoor ,  M .  ( 1975 ) .  Subuni t s tructure and some properties of pyruvate 
ki nase of Neurospora . Can . J .  Bi ochem. 53,  109- 119 .  

Kapoor,  M .  and Tronsgaard , T . M .  ( 1972 ) .  Pyruvate ki nase of Neurospora 

crassa : puri fi cati on and some properti es .  Can . J .  Mi crobi al . 18 , 805-815 . 

Kashket,  E . R . and Wi l son , T . H .  ( 1973) . Proton-coupl ed accumul ati on of 

gal actosi de in Streptococcus l acti s 7962 . Proc . Natl . Acad .  Sci . U . S .A .  
70 , 2866-2869. 

Ki rk , R . D . , Body , D . R . and Hawke , J . C .  ( 1971 ) . Studi es on rumen metabol i sm .  

V I I .  Effect of l i pi ds ( i n  vi tro ) on the d i gesti on of grass fi bre and 
cel l ul ose .  J .  Sci . Fd Agri c .  22 , 620-625 . 

Kl emme , J . -H .  ( 1974) . Modul ation by fumarate of a Pi -i nsens i ti ve pyruvate 

ki nase from Rhodopseudomonas capsul ata . Arch . Mi crobi al . 100 , 57-63. 

Klemme , J . -H .  ( 1976 ) . Regul ati on of i ntracel l ul ar pyrophosphatase -

acti vi ty and conservati on of the phosphoanhydri de - energy of i norgan i c  
pyrophosphate i n  mi crobi al metabol i sm. Z .  Naturforsch . 31 , 544-550. 

Kl uge , M.  and Osmond , C . B . ( 1971 ) . Pyruvate Pi d i ki nase i n  crassul acean 

aci d  metabol i sm. Naturwi ssenshaften 58 , 414-415 . 

Kornberg , H . l .  ( 1970 ) . The rol e  and maintenance of the tri carboxyl i c  aci d 

cycl e i n  Escheri ch ia  col i .  I n  Biochemi cal Soci ety Symposi um : 30 . 

Bri ti sh Biochemi stry Past and Present . 155-171 .  ( Goodwi n ,  T .W .  ed . )  

Academi c Press , New York and London .  

Kotl arz , D . , Garreau , H .  and Buc , H .  ( 1975 ) . Regul ati on of the amount and 

of the acti vi ty of phosphofructoki nases and pyruvate ki nases i n  
Escheri chi a  col i .  B iochim. Biophys . Acta 381 , 257-268. 

Lawrence , R .C . , Thomas , T . D .  and Terzaghi , B . E .  ( 1976 ) . Revi ews i n  the 

progress of dai ry sci ence : cheese starters . J .  Dai ry Res .  43 ,  141-193. 

lee , I . H . , Fredri ckson , A . G .  and Tsuchiya , H .M .  ( 1974 ) . Di auxi c growth 
of Propi oni bacteri um · shermani i .  Appl . Mi crobial . 28 , 831-835 . 



201 .  

lessi e ,  T .  and Nei dhardt , F . C .  ( 1967 ) .  Adenos i ne tri phosphate-l i nked 

control of Pseudomonas aerugi nosa gl ucose-6-phosphate dehydrogenase . 

J .  Bacteri al . 93 ,  1337-1345 . 

li ao , C . -l .  and Atki nson , D . E .  ( 1971 ) .  Regul ation at the phosphoenol 

pyruvate branchpoi nt i n  Azotobacter vi nel andi i : pyruvate ki nase . 
J .  Bacterial . 106 , 37-44 . 

lowry, O . H . , Carter,  J . ,  Ward , J . B .  and Gl aser,  L .  ( 1971 ) .  The effect 

of carbon and n i trogen sources on the l evel of metabol i c  i ntermedi ates 

in  Escheri chi a col i .  J .  B iol . Chem . 246 , 651 1-652 1 .  

Lowry , O . H . , Passonneau,  J . V . , Has sel berger, F . X .  and Schul z ,  D .W .  ( 1964 ) . 

Effect of i schemi a on known substrates and cofactors of the glycolyti c 
pathway i n  brai n .  J .  Biol . Chem � 239 , 18-30 . 

lowry, O . H . , Rosebrough , N . J . ,  Farr , A . L .  and Randal l ,  R . J .  ( 1951 ) .  Prote in  

measurement wi th the Fol i n  phenol reagent.  J .  B i ol . Chem.  193 , 265-275 . 

Macfarl ane , N .  and Ainsworth , S .  ( 1972 ) . A k ineti c s tudy of Baker ' s-yeast 

pyruvate k i nase acti vated by fructose 1 ,6-di phosphate . Biochem. J .  129 , 

1035-1047 . 

Macy ,  J . M . , ljungdahl , L .G .  and Gottschal k ,  G .  ( 1978) . Pathway of succi nate 

and propion-ate fonnati on i n  
_
Bacteroi des fragi l i s .  J .  Bacterial . 1 34 ,  84-9L 

Maeba , P. and Sanwal , B . O . ( 1969 ) . Phosphoenol pyruvate carboxyl ase of 

Salmonel l a .  Some chemi cal and al l osteri c properties . J .  B io l . Chem. 244 , 
2549-2557 .  

Mai tra , P . K. and  Estabrook,  R .W .  ( 1964 ) . A fl uorometric method for the 
enzymi c determi nation of glycolyti c i ntermedi ates . Anal . B iochem .  I• 
472-484 . 

Mal covati , M .  and Kornberg , H . L .  { 1969) . Two types of pyruvate ki nase i n  
Escheri chi a col i  K1 2 .  B iochim.  Bi ophys . Acta 178 , 420-423 .  

Mansurova , S . E . , Shakhov , Y .A .  and Kul aev , I . S .  ( 1977 ) .  Mi tochondri al 

pyrophosphatase i s  a coupl i ng factor of respi ration and pyrophosphate 
synthesi s .  FEBS letters 74 , 31-34 . 



202 . 

Mel ch ior.  J . B .  ( 1965 ) . The role  of metal i ons i n  the pyruvi c k i nase 

reaction . Bi ochemi stry 4 .  15 18-1525 . 

Mi l dvan , A . S .  and Cohn , M .  ( 1965 ) . Ki neti c and magneti c resonance studies 

of the pyruvate k i nase reaction .  I .  D iva lent metal compl exes of 

pyruvate ki nase.  J .  B io l . Chem.  240 , 238-246 . 

Mi l ner , Y .  and Wood , H . G .  ( 1976 ) .  Steady state and exchange k i neti cs 

of pyruvate , phosphate di ki nase from Propioni bacteri um sherman i i .  
J .  Biol . Chem. 251 , 7920-7928. 

Mi tchel l ,  P .  and Moyl e .  J .  ( 1956) . Osmoti c function and s tructure i n  

bacter ia .  Symp.  Soc . Gen .  Mi crobial . �. 150-180 . 

Mol i nari , R .  and Lara , F . J . S .  ( 1960 ) . The l acti c dehydrogenase of  

Propioni bacteri um pentosaceum. Bi ochem .  J .  75 , 57-65 .  

Monod J . ,  Wyman .  J .  and Changeux . J . -P .  ( 1965 ) . On  the nature of  al l osteric 

transi tions : a pl ausi bl e  model . J .  Mol . B iol . 1£, 88-118.  

Nei sh , A.C .  ( 1 952 ) . Anal yti cal methods for bacteri al fermentations . 

N . R . C . C .  Report No . 46-8-3 .  

Ng . S . K. C .  and Hami l ton , I . R . ( 1975 ) . Puri fi cation and properti es of 

pyruvate ki nase from Vei l lonel l a  parvul a .  J .  Bacteria l . 1 22 ,  1274-1282 . 

O ' Brien . W . E  • •  Bowi en , S .  and Wood , H . G .  ( 197 5 ) . Isol ation and character

i sation of a pyrophosphate-dependent phosphofructoki nase from Propi on i 

bacteri um shermani i .  J .  Biol . Chem .  250 , 8690-8695 . 

O ' Bri en , W . E .  and Wood , H .G .  ( 1974 ) . Carboxytransphosphoryl ase.  VI I I .  

L i gand-medi ated i nteracti on of subuni ts as a poss ibl e control mechani sm 

i n  Propioni bacteri a .  J .  Bi ol . Chem. 249 , 4917-4925 . 

Phi l l i ps ,  F . C .  and Ai nsworth . s .  ( 1977) . Al l osteric properties of  rabbi t  

muscl e pyruvate k i nase. Int .  J .  Bi ochem. 8 ,  729-735 . 

P i rt .  S . J .  ( 1965 ) . The mai ntenance energy of bacteri a i n  growi ng 

cul tures . Proceedi ngs of the Royal Soci ety of London , Series. B .  163 , 
224-231 . 



203 . 

Reeves , R . E .  ( 1968) . A new enzyme wi th the glycolyti c function of 

pyruvate ki nase . J .  Biol . Chem. 243 , 3202-3204 . 

Reeves , R. E .  { 1974 ) .  Gl ycolyti c enzymes i n  E .  h i stolyti ca . Archi vos 

de Investi gacion Medi ca i• 411-414. 

Reeves , R . E . , Menz ies , R.A. and Hsu , D . S .  { 1968) . The pyruvate-phosphate 

d i k i nase reaction . The fate of phosphate and the equ i l i bri um. 
J .  Biol . Chem. 243 , 5486-5491 . 

Rol l eston , F . S .  and Newsholme ,  E .A.  { 1967 ) . Control of glycolys i s  i n  

cerebral cortex sl i ce s .  Bi ochem, J .  104 , 524-533 .  

Romano , A .H . , Eberhard , S . J . , D ingl e ,  S . L .  and  McDowel l ,  T .D .  { 1970 ) . 

D i stri bution of the phosphoenol pyruvate : gl ucose phosphotransferase 

system in bacteri a .  J .  Bacterial . 104 , 808-813 .  

Sanwal , B . O . { 1970 ) . Al l oster i c  control s of  amph i bol i c  pathways i n  

bacteri a .  Bact . Rev .  34 , 20-39 . 

Schedel , M. , Kl emme ,  J . -H . and Schl egel , H . G. { 1975 ) . Regul ation of 

c3 - enzymes in facul tati ve phototropi c bacteri a .  The col d-l abi l e  

pyruvate k i nase of Rhodopseudomonas sphaeroi des . Arch . Mi crobi al . 103 , 
237-245 . 

Schwartz , A .c  • •  Mertens ,  B . , Voss , K .W .  and Hahn , H .  { 1976 ) .  
I nh i bi ti on of acetate and propionate formati on upon aeration o f  resti ng 

cel l s  of the anaerobi c Propioni bacteri um shermani i  : evi dence on the 

Pasteur reaction . z.  fur Al l g . Mi krobiol . �. 123-131 . 

Scrutton , M . C .  and Utter ,  M . F .  { 1968) . The regul ation of glycolys i s  and 

gl uconeogenes i s  in animal ti ssues . Ann . Rev .  Bi ochem. 37 , 249-302 . 

Seubert , W .  and Schoner , w. { 1971 ) .  The regul ation of  pyruvate k i nase . 

Current Topi cs i n  Cel l ul ar Regul ation !• 237-267 . 

S iegel , W. H . , Donohue , T .  and Bernlohr , R .W. ( 1977 ) . Determi nation of 

pool s of  tri carboxyl i c  aci d  cycl e and rel ated aci ds in bacteri a .  Appl . 

Envi ron.  Mi crobial . 34 , 512-517 . 



204 .  

S iu ,  P .M . L . and Wood , H .G.  ( 1962 ) . Phosphoenol pyruvi c  carboxytrans

phosphoryl ase , a co2 fi xation enzyme from propion ic  aci d  bacteri a .  

J .  Biol . Chem . 237 , 3044-3051 . 

Si u ,  P .M. L . , Wood , H . G. and Stjernhol m,  R . L .  ( 1961 ) . Fi xation of co2 
by phosphoenol pyruvi c  carboxytransphosphoryl ase. J .  Biol . Chem. 236 , 21-22.  

Sl e i n ,  M .W . , Cori , G.T.  and Cori , C . F . ( 1950 ) . A comparati ve study of 

hexoki nase from yeast and animal ti ssues . J .  B iol . Chem .  186 , 763-780 .  

Somani ,  B . L . , Va l enti ni , G .  and Mal covati , M .  ( 1977 ) .  Puri fi cati on and 

mol ecul ar properti es of the AMP-activated pyruvate k i nase from 

Escher i chi a col i .  Biochim. Biophys . Acta 482 , 52-63 . 

Sone , N .  ( 1973 ) . The redox reactions i n  propioni c aci d  fermentati on . I l l .  
Enzymatic  properti es o f  HAD-independent glycerol -phosphate dehydrogenase 

from Propi oni bacteri um arabi nosum. J .  Biochem .  ( Tokyo) 74 , 297-305 . 

Sone , N .  and Ki tsutan i , S .  ( 1972 ) .  The redox reacti ons i n  propioni c acid 

fermentation .  Puri fi cati on of HAD-independent glycerol phosphate 

dehydrogenase bound to mi nute parti cl es from supernatant fraction of  

Propionibacteri um arabi nosum.  J .  B iochem. ( Tokyo ) 72 , 291-297 . 

Stjernholm,  R . l .  and Fl anders , F .  ( 1962 ) . Metabol i sm of D-ri bose-1-c14 

�n� c14 l abel l ed D-gl uconate i n  an enzyme system of the genus Propi oni 

bacteri um. J .  Bacterial . 84 , 563-568. 

Thomas , T.D. ( 1976 ) . Activator spec i fi ci ty of  pyruvate k i nase from 

l acti c s treptococci . J .  Bacterial . 125 , 1240-1242 . 

Thomas , T .D . , El l wood , D . C .  and longyear , V .M . C .  ( 1979 ) . Change from 

homo-to heterol acti c fermentation by Streptococcus l acti s resul t ing  from 

gl ucose l imi tati on i n  anaerobi c  chemostat cul tures .  J .  Bacterial . 138 , 
109-117 . 

Thompson , J .  ( 1978) . � vi vo regul ati on of glycolysi s and characteri zation 

of sugar : phosphotransferase systems i n  Streptococcus l acti s .  J .  Bacteri al. 
136 , 465-476 . 

Thompson , J .  and Thomas , T . D .  ( 1977 ) .  Phosphoenol pyruvate and 2-phospho

glycerate : endogenous energy source ( s )  for sugar accumul ation by s tarved 

cel l s  of Streptococcus l acti s .  J .  Bacteri al . 130 , 583-595 .  



205 .  

Tuomi nen , F.W.  and Bernl ohr ,  R.W. ( 197 1 ) . Pyruvate ki nase o f  the 

spore-formi ng bacteri um ,  Baci l l us l i cheni formi s .  I I .  Ki neti c proterti es . 

J .  B iol . Chem . 246 , 1746 -1755 . 

Val enti ni , G . , l adarol a ,  P . , Soman i ,  B . L .  and Mal covati , M .  ( 1979 ) . Two 

forms of pyruvate k i nase i n  Escher ich i a  col i .  A compari son of chemi cal 

and mol ecul ar properti es . B ioch im.  B i ophys . Acta 570 , 248-258. 

Van Berkel , Th . J . C .  and Koster , J . F . ( 1973 ) .  M-type pyruvate ki nase 

of l eucocytes : an al l osteri c enzyme . Biochim. Bi ophys . Acta 293 , 134-139 . 

Vandemark , P .J . and Fuku i , G .M .  ( 1956 ) . An enzymatic study of the 

uti l i zation of gl uconi c  aci d  by Propioni bacteri um pentosaceum. J .  Bacteriol . 

72 , 610-614 . 

Van Ni el , C . B .  ( 1928) . Ph . D. thesi s ,  Techn i sche Hoogeschool , Del ft ,  

Hol l and .  

de Vri es , W. , van Wi jck-Kapte i jn ,  M .C .  and Stouthamer , A.H . ( 1972 ) . 

I nfl uence of oxygen on growth , cytochrome synthesi s and fermentation pattern 

i n  propion i c  acid bacteria .  J. Gen . Mi crobi ol . Zl· 515-524. 

de Vri es , W. , van Wyck-Kapteyn , W .M. C .  and Stouthamer , A. H .  ( 1973 ) . 
Generation of ATP during cytochrome-l i nked anaerob ic  e l ectron transport 

i n  propi oni c .aci d  bacteri a .  J .  Gen . M i crobiol . 76 , 31-41 . 

Waygood , E . B . ,  Mort , J . S .  and Sanwal , B . D .  ( 1976 ) .  The control of pyruvate 
k i nase of Escher ichi a col i .  B i nd i ng of s ubstrate and al losteri c 

effectors to the enzyme acti vated by fructose 1 ,6-b i s phosphate. Biochem
i stry li• 277-282 . 

Waygood ,  E . B . , Rayman ,  M .K .  and Sanwal , B . D .  ( 1975 ) . The control of 

pyruvate k i nases of Escherichi a col i .  1 1 .  Effectors and regul atory 

properties of the enzyme activated by ri bose 5-phosphate . Can .  J .  

Bi ochem. 53 , . 444-454 . 

Waygood ,  E . B .  and Sanwal , B . D .  ( 1974 ) . The control of pyruvate k i nases 

of Escheri chi a  col i .  I .  Phys i cochemi cal and regul atory properti es of  

the enzyme acti vated by fructose 1 ,6 -d i phosphate . J .  B iol . Chem. 249 , 

265-274 . 



206 . 

Wi l ke ,  D .  and Sch legel , H .G .  { 1975 ) . Regul ati on o f  the pyruvate ki nase 

from Al cal igenes eutrophus H16 i n  v i tro and i n  v i vo .  Arch . Mi crobi al . 

105 , 109-115 .  

Wood , H . G .  ( 1977 ) . Some reacti ons i n  whi ch i norgani c  pyrophosphate 

repl aces ATP and serves as a source of energy. Federation Proc . 36 , 
2197-2205 . 

Wood , H . G. , O ' Bri en ,  W. E .  and Mi chael s ,  G.  ( 1977 ) .  Properties of carboxy

transphosphoryl ase ; pyruvate , phosphate di k i nase ;  pyrophosphate

phosphofructoki nase and pyrophosphate-acetate k i nase and thei r rol es i n  

the metabol i sm o f  i norgani c pyrophosphate • . Adv . Enzymol . 4 5 ,  85-155.  

Wood , H . G . , Stjernholm,  R. and leaver ,  F .W. ( 1955) . The metabol i sm of 

l abel led gl ucose by the propioni c aci d bacteri a .  J. Bacterial . 70 , 510-520 . 

Wood ,  H . G .  and Werkman , C . H .  ( 1936 ) . The uti l i zation of co2 i n  the 

di ss imi l ati on of glycerol by the propioni c aci d bacteri a .  Biochem. J .  30 , 

48-53 .  

Wood , H .G .  and Werkman , C . H .  ( 1940 ) . The rel ationshi p of bacteri al 
uti l i z ation of co2 to succi ni c acid formati on. Bi ochem. J. 34 , 129-138. 

Wood , W.A.  ( 1961 ) .  Fermentati on of carbohydrates . I n  The Bacteri a 1 1  
101-107 . ( Gunsal us ,  I .e .  and Stani er,  R .Y . , eds . )  Academi c Press , 

New York and London . 

Yamada , T .  and Carl sson, J .  ( 1975) . Gl ucose-6-phosphate dependent pyruvate 

ki nase i n  Streptococcus mutans . J .  Bacterial . 1 24 ,  562-563 . 

Yoshi zaki , F .  and Imahori , K .  ( 1979a ) . Regul atory properti es of pyruvate 

ki nase from an extreme thermophi l e , Thermus thermoph i l us HB 8 .  Agri c .  

B iol . Chem. 43 , 527-536 . 

Yoshi zaki , F .  and Imahori , K. ( 1979b ) . Key rol e of phosphoenopyruvate i n  

the regul ation o f  glycolysi s - gl uconeogenesi s i n  Thermus thermophi l us HB 8 .  

Agri c .  Biol . Chem. 43 , 537-545 . 

Zi nk , M .W .  ( 1977 ) . Regul ation  of pyruvate ki nases from Fusarium 
o�sporum. Can .  J .  Mi crob ial . 23 , 1346-1359 • .  


	10001
	10002
	10003
	10004
	10005
	10006
	10007
	10008
	10009
	10010
	10011
	10012
	10013
	10014
	10015
	10016
	10017
	10018
	10019
	10020
	10021
	10022
	10023
	10024
	10025
	10026
	10027
	10028
	10029
	10030
	10031
	10032
	10033
	10034
	10035
	10036
	10037
	10038
	10039
	10040
	10041
	10042
	10043
	10044
	10045
	10046
	10047
	10048
	10049
	10050
	10051
	10052
	10053
	10054
	10055
	10056
	10057
	10058
	10059
	10060
	10061
	10062
	10063
	10064
	10065
	10066
	10067
	10068
	10069
	10070
	10071
	10072
	10073
	10074
	10075
	10076
	10077
	10078
	10079
	10080
	10081
	10082
	10083
	10084
	10085
	10086
	10087
	10088
	10089
	10090
	10091
	10092
	10093
	10094
	10095
	10096
	10097
	10098
	10099
	10100
	10101
	10102
	10103
	10104
	10105
	10106
	10107
	10108
	10109
	10110
	10111
	10112
	10113
	10114
	10115
	10116
	10117
	10118
	10119
	10120
	10121
	10122
	10123
	10124
	10125
	10126
	10127
	10128
	10129
	10130
	10131
	10132
	10133
	10134
	10135
	10136
	10137
	10138
	10139
	10140
	10141
	10142
	10143
	10144
	10145
	10146
	10147
	10148
	10149
	10150
	10151
	10152
	10153
	10154
	10155
	10156
	10157
	10158
	10159
	10160
	10161
	10162
	10163
	10164
	10165
	10166
	10167
	10168
	10169
	10170
	10171
	10173
	10174
	10175
	10176
	10177
	10178
	10179
	10180
	10181
	10182
	10183
	10184
	10185
	10186
	10187
	10188
	10189
	10190
	10191
	10192
	10193
	10194
	10195
	10196
	10197
	10198
	10199
	10200
	10201
	10202
	10203
	10204
	10205
	10206
	10207
	10208
	10209
	10210
	10211
	10212
	10213
	10214
	10215
	10216
	10217
	10218
	10219
	10220
	10221
	10222
	10223
	10224
	10225
	10226
	10227
	10228
	10229
	10230
	10231
	10232
	10233
	10234



