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AB S TRACT

Partial purífication of pyruvate kínase from

Escherichía coli \474s carríed out, and the lcinetics of the

enzyme Ì,rere investígated. Ho\4Iever, later studies indicated

Ëhat the enzyme preparation used r¿as a mixture of two species

or types of pyruvate lcinase, although Ëhe purification

procedure tended Ëo isolate only one. Initía1 ínvestigation

showed that Ëhis one species \.üas acÈivated by AMI , had a

subunit (M.ll. 50r000) structure, and a t(, for PEP of 0.1 urM

at pH 6.3. The allosteric nature of this enzyme depended strongly

on the assay pH. At pH 6.3, Ëhe enzymets optimum, the velocity

p1-ots yi=l-úetl rvcre very neariy hyperboiic. This enzyme showecí

instability ín Ëhe absen""r, of dithiothreítol and the subuníts

would díssocíate. Incubation wiËh dithiothreiËol rvould cause

aggregation of the subunit and a reappearance of acËívity.

The second species of pyruvate lcinase r,\7as activated by FDP,

had a subuniË (M.I^1. 35 r500) structuTe, and a Km f or PEP of

3.5 mM. I{owever, FDP activaËion, caused Ëhe second species

to operate in the same physiological range as the first.

A G200-sephadex column elution profile indicated

that there is ? possibí1íty that the tvlo species formed

"hybrid" enzymes of mixed subunits.
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ABBREVIATIONS

The fo1lorvíng abbrevíations aIe used throughout this thesis:

av

cyclic 41"1P

ADP

ATP

AMP

DEAE

ED TA

FDP

G-6_P

HEP ES

LD}l

MES

NADIl

NADP

PEP

Tr is

Adenosine 3t,5r-cyc1íc monophosphaÈe

Adenosine 5'-diphosphate

Adenosine 5 I -triphosphate

Adenosine 5 | -monophosphate

Diethylamínoethyl

Ethy lenediaminete traaceËi c acid

Fructose L r6-díphosPhate

Glucose-6-phosphate

N- 2-Hy dro xy e thy lp ip er azine-N- 2- etlnallesul f oní c a cid

Lactate dehyltotenase tYPe IIT

2-(N-rnorpholíno) ethanesulfonic acid

Nícotínamide adenine dinucleotide, reduced

Nicotinamide adeníne dinucleoËide phosphate

Phosphoenol pyruvate acid

Tris (hy droxymethy 1) aminometh ane
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INTRODUCTION

In 1934, the Embden-Ifeyerhof pathrvay for the meËabolism of glucose

was coinpletely resolved by the discovery of an intermediate, phosphoenol-

pyruvare (PEP) by Lohmann and }feyerhof (L934) and by Parnas et al (f934).

Thís cornpound is nohÌ lcno\i¡n to be a substrate for the enzyme pyruvate

kínase (8C2.7.I.40) r,rhich catalyses tire followíng reaction:

CH^

!=;
I
COOH

iHz
c-0P0.t'
COOH

+
Mo''-b

f, AT\D
I LÐL + ATP

PEP Pyruvate

The enzyme'found in animal systems requires I(* fol fu11 actívíty

(Boyer et a1 L942, 1943).

Earlíer studies wiLh pyruvate kinase \{ere rnisleading ín that

the cell exlracts used contained adenylate kinase, and 1ed to the belíef

that pyruvate lcinase caused the conversion of AMP to ATP. Such fíndings

were reported by Lehrnann (f935), Lutwalc-Mann and Mann (1935), and by

Needham and Van Heyningen (f935).

The discovery of adenylate kinase Ln L943 by Colowíck and Kalckar

1ed to the understandíng of the identify of pyrur6tekínasests substrates

as accepted today.

In 1945, Lardy and Ziegler demonstrated the reverse reaction which

ís the conversion of pyruvate and ATP to PEP and ADP. Further equilibrium

'studies by Meyerhof and Oesper (L949), McQuate and Lltter (f959), and by

Krimslcy (1959), sliorved that Ëhe reactíon \,üas very much favoured toruards

the formation of pyruvate, and that iË could be considered Ëo be

essentially írreversible.



The díscovery of anaplerotj.c pathrvays within cel1s of dífferent

organisms, have given additíonal rveight to the view that pyruvate lcinase

is physiologically irreversible. Some anaplerotíe pathi+ays give alternative

routes for the formation of PEP f::om pyruvate or inter:medíates of the

tricarborylic acíd cycle, and thus allowing for: Êhe reversal of the Enbden-

Meyerhof patl-rway duríng gluconeogenesis. These anaplerotic pathways are

more accepLable as routes to PEP synthesis tiran the reversal of pyruvate

kinase in the ligl-rt of thermodynamic consideraÊions. The physiological

importance and the history of the discovery of these anaplerotic pathrvays

are brought Ëo prominence in a revier¡ by Kornberg (1966).

Specifical ly, in Escherchía coli, t\{o enzymes are knor,¿n to form

PEP ín order to facilítate gluconeogenesis. These are phosphoenolpyruvate

carbo>ryþ,111¿s" (EC4,1" I.32) .

loo"
CH"

+ AnP + CO2

ïi:
*-#

l- 
^rnD 

"ltT ¿IIT

C=0
f
I

COOH

0xaloacetaËe

and PEP synthase

9n:

PEP

2

P0^
J

ug# cH

+ ATP + Pí ---f

I
C

+ A}P + PPí

C=0

Ioon

Pyruvate

CO

00H

PEP



However, because pyruvate lcinase has an equilibrium constant rvhich

favors pyruvate forrnation, the PEP formed by these anaplerotic enzlmes,

would be im¡nediaLely converted to pyruvate, if there \üas not some form

of control of the pyruvaËe ltinase activity

In animals the problem of control ís solved ín part by l-raving

different locations for differenË cel1u1ar functions. Tttey are able to

compartmentalLze many metabolic functions rvithin miiochondria, or thel'

have developed specialized cel1s, r.rith specLaltzed enzyme composítions.

Pyruvatekinase was first isolatecl in crystalline form frorn rat

muscle by Negeleín during Ëhe early 1940t s (Bucher and Pfl-eíderer, 1955).

Sínce that Ëirne many crystalline preparations ha-,/e been obËaÍned from muscle

tissues of different animals (Boyer et al, L962). Ifuscl-es of animals are

tissrre-s whir-,h A7'ê r,îtr e6¡qqr¡cd r¡¡ith g1r-lconecgenesi-s, bu'r a::e C::1;r ccnccf::c.J

metabolically, rvith the production of energy. The pyrur,'atelrj-nase of

muscle has been found to have oo controlling feaËures except product

inhíbition, notably by ATP " Thís enzyne is designated PyK M by Tanalca et al

(1965 and L967a), In the gluconeogenic tíssue of tire liver, Tanaka et al

1965 and L967a) have found another pyruvate kinase (PyKL), which is

modulated in íts acËiviËy by FDP. This modulation by FDP has also been

found in unicellular organisms in which cel1 differentiation is not possíb1e,

and in the case of bactería, where compartmentaLizat|on does noË exist,

Yeast p),ruvate kinase has been shorvn by Hess et al- (L966) Ëo be modulated

by FDP, and Esql-rerichia coli pyruvate kinase has been shor¿n to be modulated

by both FDP and AlfP (l{aeba and Sanwal, 1968). A'report by Malcovatí and

Kornberg (1969), confirms the modulation of pyruvate kinase frorn Escheríchia

coli by FDP, but disagrees with the modulation by A-IÍP. They instead

tentatively propose the existance of two pyruva¿e Icínases which are s j.mila::



to PyIßI and PyI(L f ound in animals,

In the last few years, much r,¡orlc has been reporËed on PyKL. Reports

by Tanaka et al (L967b), Carminatti et aL (L969), and RozengurE et el

(L969), consider the behavíour of PyI{L in the presence of 1 rÀf dithiothrei-

tol. They essentially sholed an enzyme which yielded a sigmoidal curt¡e

when ínitial velocities rvere plotted agair-rst PEP concentratíons. The

sigmoidicíty r+as dependent upon pll (Carruj-nattí et al) , and could be

almost converted to a hyperbolic plot, at the pH optirnum" FDP caused

acLívation to produce a hyperbolic plot.

In contrasL reporLs by Taytor and Bailey (L967), and Bailelz et

af (1968), showed very different lcínetic properties for Pyltl.. These

enzyme preparations required preincubation with PEP before the results

rvould match those reported by Ëhe forementioned rvorkers. irÌithout prein-

-..1, -t,-? ^-- ! .-?.--' -1 .-.-1, -! r-.- 1 -r - --a,.- .',- flnñLuu4L!LJ!¿, Lrrc rlrrLrclJ- vcluurLy p-LUL dócrrrrÞL r¡r (-urr\-glrL!dLIL,LI wdÞ PIJUU-L!d! \

íu shape, and díd not shor"r regular allosteric beirarríour. The on15r p¿56t

difference in the erLzyme preparatíons betl¡een the tr'Io groups of reporËs

was that Taylor and Bailey díd not use ditiriothreitol" This saure differ-

ence occurs, along \4rith dífferent pl{s for assay system, betr¿een the

r^¡orlc of Maeba and Sanwal (1968) and MalcovaËí aud I(ornbe-rg Q969) " It

would be pertínenË to poÍni out, that Maeba and Sanr,¡al present some

evídence to índicate that díthíothreitol lras responsible for protein

mol-ecular weight changes r,¡hich \¡rere correlated ruith loss of activíty of

pyruvate lcinase.

Bailey et al (1968) have proposed two forms of PyKL' one rvhich

obeys, Michaelis-lfenten lcínetics LA, and anol:her r,¡hích is allosteric, LB.

The idea Ëhat there are trvo forms of PyKL is supporCed by Susor and Rutter

(1968), who postulaËe a FDP sensitive and FDP nonsensitive form of PyI(L.

Tanaka (I967b) also obtained a FDP nonsensitive PyKL.



Rozengurt et a1 (1969) interpret their results on the basis of the

Monod, I^I1'rnan and Changeux (1965) model (MWC model), and postulate that

pH can cause a conversion of Ëhe R state to the T state. Bailey et al

(1963) also use Ëhe MWC model for ínterpretation, but it should be noËed

ËhaL they can also be interpreted by the Ëheory of negative cooperativity

proposed by Levitzki and l(oshland (7969) as an exLension of the model for

allosËerism proposed by l(oshland et al (f966).

Tanaka et al (1965) ín his initial paper, shorved that PyKL from

raË liver could be resolved ínto three separate proteín pecks by zone

electrophoresís. He called Ëhese three portions ,L, 
"2, 

L3. The

crystalline enzyme studied by his group was solely type Ll. Tirus the

possibility that there are a number of different forms or completely

t:1Í^--^'- L - ^ç î--r7t !^ L^ --^11 :--): ^-'-^lúi!rE! ëltu vttayuçÞ u! t Jr\! oPPç@!Þ LU uç wçr¿ r!¿ulueLçu.

In víew of the behaviour of anÍmal enzymes, iË seems possible i:hat

more than one form of pyruvate kinase exísts in Escherichia col-i and the

conflicÊing evidence of Maeba and Saniual (1968) and of Malcovati and

Kornberg (L969) could have íts origins in Ëhe multiplicity of enzymes

and theír control characteristics.

The aim of the rvork that follor,¡s r,ras

conËrol parameters of pyruvate lcinase from

mine the molecular rveíght of the enzyme or

to study the kineËícs and'

Escherichia coli and to deter-

enzlrmes.



}TATERTALS AND METHODS

Organism

The organism used in this investigaËion was

lKL2 straLn F3000.

Escherichia col-i

Growth of Organism

The organism Escherichia c.o]..L'I(Lz was maintained on slants of a

medium (tq.f,.a.) with Ëhe following composition: 10g Bacto Lryptone, 5

yeasË extracË, 10 g NaC1, 1ml- IN NaOH, 11 g agar, added t,o one litre

of distilled water. St,arter culËures of Ëhe organism were grown in 5

of the above medium wiËhout agar and wiLh a 0.5"/" gLucose supplement

which rn/as autoclaved separately. The 5 ml aliquots v/ere contaíned in

25 x L5O nm Ëest Ëubes whích \^rere placed Í.or 24 hrs on a slanted rack

a New Brunswich reciprocal shaker \^Iater bath, maintaíneð. at 37oC.

m1

1n

The medíurn (minimal salt A) used for growËh of Escherichía colí

K12 in larger quanl-ities had the following composition: 10.5 g K2ffi04'

4.5 e KHzPo|, 1.5 g (NH4) 
zso4" 0.05 g M.gcI, so4, 0.5% gLycerol added to

one liÈre of distilled rvater. In one experiment 0.47" gLucose, which was

autoclaved separaËely, was used in place of the glycero1.

The 5 ml starter cultures \¡iere used as inoculums for 50 ml aliquots

in 250 ml erlenmeyer flaslcs. After 24 ihrs on a rotary shalcer aL 37oC,

these 50 rnl aliquoËs r+ere used as inoculums for one litre amounÈs in 2800

nl- Fernbach f lasks, which r^rere also placed on a roËary shalcer f.or 24 hts

aE 37oC. These one l-itre cultures \,rere used as inoculums for l-5 litre

carbouys, aerated by sparges, and grown for 36 hrs at 37oC.

The cultures \^/ere checlced for contaminatíon by gram staining

and by sËrealcing M.L.A. agax plate with the cultures and placing drops



bacteriophage suspension

indicated a pure culture

Eschericiria colí,

streak. The resulting clear plaque

bacteriophage is specífic for

on the

as T2

Harvestíng and Storage of Cells

Cetls from Ëhe carbouys \,/ere harvested by a Sharples steam-

driven centrífuge operated at 501000 r.p.m. The paclced cells were

weighed and r,¡ashed in 0.05 M Tris-i{Cl pH 7.5 buffer \,rith I ml'i EDTA.

The suspension was then centrifuged in a refrígerated Sorvall RC2B

centrífuge at 16000 g for 15 mins. The pellets of cells vrere re-

suspended in a volume (m1) equal to the r,ieí-ght (mg) of ühe cells.

The resulting homogenous suspension \^râs stored ín 100 m1 amounts aË -30oC.

Purificatíon of P)'ruvate Kinase

The frozen 100 ml amounËs of tl-re cell suspension, contaÍníng

approximately 50 g of cells , vle-re 'chawecl in a refrigerator , 4oC,

overníght, and tiren stÍrred ínto an homogenous suspension with the

additíon of 50 ml of the foremenËioned buffer. Díthíotl-rreitol rvas

added to Ëhis suspensíon Ëo a concentration of 1 nl'f. Al1 purification

procedures v¡ere carried out at 4oC, ot in an ice bucltet and the buffer

used was always 0.05 Il Trís HCI pH 7.5 rvith I mM EDTA and 1 n}'i

diËhiothreítol unless specífically indicated to the contrary.

Two 75 ml a1-iquots \üere then sonicated in a l0 l(c/sec

Raytheon ultrasonic oscíllator for L/2 hr each to break open the cells.

The cornbíned sonicated suspensions r¿ere then centrifuged at 48r000 g for

15 min in a refrigerated Sorvall I(C2B cent::ifuge, and tl're resulting

pellets were dÍscarded. These above corrdifions for centrifugation

were used throughout the purífication proceclure unless specífically



mentioned to the contrary

To the supernatant volume, Y, Y/5 nl of a 2% protamine

sulphate solution was added, and the resulting soluËion was stirred

for 15 min. The solution r¿as then cenÈrifuged for 10 min, and the

pellets were discarded

Ammonium sulphate was slowly added to the supernatant to 0.3

saturaËion, and the solution was stirred for 15 nin, followed by

cenËrifugation for 10 nin. The pellets were discarded. More

(m+),SOO was added unËíl the supernaËanË reached 0.55 saturation.

This solution was stirred for L/2 hr, and then céntrifuged for

20 nin. The resulting pellet, r¡ras resuspended .in the volume of which

was half the volume of the l-ast supernaËanË.

I^Iith. L0% acetic acid the pH of the suspension \¡las lowered

ro 5.5, stirred tor 5 min, and then centrífuged for 10 nin. The

pellets were discarded. The solution was then further adjusÈed by

dropwíse addition of L0"/" acetíc acid to pH 5.1, and inmediately

centrifuged for 10 rnin. The pellets T¡/ere díscarded and Ëhe super-

natant was. adjusted Ëo pH 7.0 by the addition of IN NaOH.

. The proËein tnras precipitated out of soluËion by addition

of (NHO)rSOO Ëo 0.75 saturation and stirred for t/Z nr. The soluËion

was cenËrifuged for 20 mín and the pellets qrere resuspended in 5 to 10

ml of the buffer. This suspensíon was dialysed for 6 hrs against

one litre of the same buffer.

A DEAE - cell-ulose column (2.5 x 45 cm) was equilibraËed

with 500 nl of the buffer which t,ad 2 rnll dithiothreitol. The

dialysed suspension r{as Èhen placed on Èop of the colurnn, and was

eluted with a 1000 m1 ionic gradient of 0 to 0.3 M KC1, 10 m1

fractÍons were collected, and those fractions showing pyruvaËe kinase



activity greatêr Ëhan 0.5 units/ml were combined. The proËein was

then precipitated ouË of solution by the addition of (NH4)rSOO to

0.75 saturation, and stirred for Ll2 ihr. The solution was centrifu-

ged for 20 nins and the pellets \¡rere resuspended ín 2-3 m1 of the

buffer r.riËh 10 nM dithíothreitol. The suspension üras then dial-ysed

against 500 nl of the same buffer for 6 hrs

An 450 DEAE - sephadex coh:mn' (2.5 x.45 cn) was equili-

brated with 500 nl of buffer with 10 r¡M dithíorhreitol and 0.1 M

KCl. The dialysed suspension was inËroduced to the column, and eluËed

by a 500 ml Íonic gradienË from 0.1 to 0.4 M KCl. Three mI fractions

r¿ere collecËed, and Ëhose showing pyruvate kinase activiËy greater

than 0.25 units/nl were combined. KCl was added to this combined

el-uant untÍl the concentration r¡ras approxinately 0.5 14.

After a protein deËermination by the method of Lowry,

alunina Gysuspended in the buffer, vras added to the eluant such that

there was l- rng solid alumina CV to 1 mg of proteín. The resultíng

suspension'bras sËirred for 15 míns and then centrifuged at 12000 g

for 10 mins. The enzyme pyruvaËe kinase was then eluted from the

gel by three washings, each sËirred for 30 rnins and then centrÍfuged

as above, vüiËh 20 ml of 0.05 M MES pH 6.5 wíth 0.1 M EDTA and

10 nl"l dithíothreitol. The protein was then precípitated from Ëhe

soluËion by the addition of (M+)rSOO to 0.75 saturation and stirred

for 30 mins. Af Ëer cenËrifugaËion for 20 mins, the pellets \,rere

resuspended in 2 nls of 0.05 M MES pH buffer wiÈh 10 mM dithiothreitol-,

and dialysed agaínsË 500 ¡n1 of Ëhe same buffer overnight.

This preparation was Ëhen dÍspensed into ÈesL tubes in

0.5 n1 aliquots and stored at -30oC. These were used for kínetic

experíments after being resuspended in 9.5 nl of the 0.05 MES pH 6.5



10

buffer wíth 10 mM dithiothreitol.

Further purification could be obtained by passíng the

protein suspension through a G200 sephadex column (2.5 x 100 cm). This

column was equilibrated with the buffer menËioned above. 1.5 ml fractions

r,rere collected and Ëhose fractions showing pyruvate kinase activity

greater Éhan 0.25 units/ml were combíned, and the protein precipítated

by Ëhe addition of (NI{4) rsoo to 0.75 sarurarion wi_lin L/2 hr srirring.

Af ter centrifugaËíon for 20 mins the pellets \.{ere resuspend,ed ín 2 mls

of the MES buffer, and dialysed overnighË agaínst 500 nl of the same

buffer.



L1

Measurenent of Pyruvate Kiúasê ActiVity

l-. For purÍfication sËeps the following assay system was used : 0.2 nl"f pEp,

l-.25 nl"f aDP, 10 nM MgcLr, 0.15 nM NADH, 50 ug LDH, and 0.03 M HEPES

PH 7.0 buffer Ëo bríng Èhe Ëota1 volume Ëo 3 rnl. The reaction was

started by the addítion of pyruvate kinase into Ëhe 3 ml cuvette

with l- cm light path. The oxidation of NA-DH at 2OoC was f ollor¿ed

at 340 mp using an Unj-cam SP500 spectrophotomeËer connecËed with a

SP22 recorder.

2. For al-l kínetic experiments except pyruvate inhibition', the assay

system described above was used. I^Ihen pEp was required to be

saturating, 4.0 mM concentraËinn was used. KinetÍc reacËions were

measured by a Gílford model 2000 opËical density converter connected

to a tsecku¡an D.Ü. monocirromaËor and a 25 cm self-balancíng nerve

recorded with a nultiple charË drive.

3. For pyruvate inhibÍtíon of pyruvate kinase activity the followíng

assay r"ras usedt 4.0 nlvf PEP, L.25 nM ADP, 10 ÐI,f yIgCLr, 1 mg

Hexokinase, 30 nM glucose, 0.2 rnM NADP, 27 vg G-6-p dehydrogenase

srith 0.03 M HEPES pH 7.0 buffer ro bring rhe volume ro 3 ml. The

red,uction of NADP was followed aË '340 mp on the same spectrophoto-

meËer as above. PEP and A.DP were varied as required.

4. For reacËÍvatÍon experiments the assay used was an ín l-. except

that the PEP concentration was 2 ml'f and the measuremenË of activity

was carried out on the Gílford assembly.

DefíniËÍ.on of Activity

1 unit of pyruvate J;inase activity = the oxidation of L mole NADH

nín/m1-, for Ëhe assay enploying NADH and LDH.
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L unít of pyruvate kinase activibT = the reducËion of 1 ¡rmole NADP/¡uin/rn1'

for the assay enpl-oying NADP, G-6-P dehydrogenase' hexokinase, and

glucose.

Specific activity = uniËs /rr¡r.lmg proËeín

Protein DeËermínations

ProËein concenËration

(Lowry et a1, 1951-) using

was determined by the Fol-in-Ciocalteau reagent

crystal-1-ine serum al-bum:ín as the standard'

DEAE-cellulose was allowed to stand overnight in IN NaOH, after

several hours of stírring. The liquíd r¿as then decanËed and fresh IN

NaOH r^rasaadded. Thís was stirred f.or LlZ hr, and afËer standing for

approximaËely t hr Ëhe l-iquíd was again decanted. The DEAE-cel-lulose

was then repeatedly washed ín disËilled water unËi1 the pH was less than

8.0, after which DEAE-cellulose was washed by a large volume of 0'05 M

Tris-HCl pH 7.5 buffer wíth I nl4 EDTA. This was decanËed and Ëhe

DEAE-cellulose was resuspended ín a sma11 volume of the same buffer

and sËored at 4oC unËil needed.

450 DEAE-sephadex I^Ias prepared by a símilar meÈhod excepË that 0'5

N NaOH was used, and Lhe buffer used Ëo suspend it inr containe<i 0.1 M

KCl.

Preparation of G-200 Sephadex

G-200 sephadex was allowed Ëo swe11 in a large volume of distilled

waËer for 3 to 5 days, Ëhe distilled \,IaËer being changed ofËen' The

G-200 sephadex was equilibrated with the buffer to be used after the

colunn was packed.

aration of DEAE - cellulose and 450'DEAE-sephadex
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Pol-yacrylamide Disc Ge1 Electrophoresis

Pol-yacrylamide disc gel electrophoresis was carried out accordíng

to the meËhod of Davis (Lg64), using a Canalco-Disc Electrophoresis Tríal

Kit suppl-ied by Canal Industrial Corporatíon. Samples of 100 to 200 ug

protein were nrixed with an equal volume of 4O"/" sucrose to a maximum

total volume of 0.4 d, and were layered on Ëhe spacer gel. After the

run, the columns were stained wiËh 2"Å Cromassíe Blue fot I-Ll2 hts, Ëhen

::a.a.wiÈh 

77" acetíc acid, followed by L2 hrs of destarnin g in 7"Á acetic

HeaË InacËivaËion

Ten À of the concentrated 150 fold purifÍed pyruvate kinase was

added to 1 ml of O.O5 M HEPES pH 7.0 buffer and heated at 41oC and 50oC

for 5 and 10 min periods. The samples were irnmediaËely cooled by

introduct,íon of the ÈesË tubes ínto melËíng Íce. Fifty À aliquots rvere used

for the assays. The assay mixture employed 0.2 mM PEP, whilst oËher

reagents rnrere saËuraËing. Assays were al-so performed r,rith 5.0 ff FDP and

L nM AMP

Microsomal Inactivation of Pyruvate Kinase

!îi-crosomes \¡rere obtained by the rneÈhod of Goldberger et al (1963).

Equal volumes of 150-fo1d purífÍed pyruvdekinase, and Ëhe microsomal pre-

paration r¿ere added together, or one volume of pyruvatekinase to two

voLumes of the microsomal preparaËion. Assays used 2 trM PEP.

The 150 fold purified enzyme hras díalyzed againsË 0.05 M HEPES pH

7.0 buffer for 48 hrs. The buffer used was changed three times over this
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period. The approximately 3 p g of enzlzme rvere added to 1 ml of the HEPES

buffer, a sulphydryl reducing compound, ancl any ligand whose effect was

to be tested. rifty À of this solution was sufficient. for assay purposes,

using 2 mM PEP.

Initial reactivation studies were carried out without ligands and

I mM dithiothreitol, 10 rnM clithiotl'rreitol, 10 rruY ß-mercaptoethanol, lOO ml,f

þmercaptoethanol , ImI{ glutathione (recluced), 10 mM glutathione (reduced),

I mM lipoic acid (reduced), O.I rnl.f coenzyme A and I mM Coenzyme A.

Reactivation experiments hTere carried out v¡ith 2 olM'o: lO mM dithio-

threitot. Ligands used. were at saturating concentration 
"n.t" 

known,

" except PEP v¡hich was at 2 nìM. Concentrations of NÀD and NADH were L mM

and FDP was 5 ml4.

Molecg1ar VJeiqht Studies

The pyruvate kinase used in these stuclies v¡as obtained from cells

grovrn in glucose. The purification procedure was carried out as far as the

ÐEAE-cellulose column el-ution. Assays r¡/ere carried out in the presence of

I nM FDP and 0.2 nM PEP during purification, and lead to a substantial

difference in the elution pattern from DE.AB-celluIosê column as compared. to

the normaÌ purification.

A G2OO-sephadex column (45 x I00 cm) vras equilibrated with 0.05 M HEPES

pH 7.0. Pyruvate kinase dialysed for 48 hrs was applied without dithiothrei-

toI present. fn a second run non-d.ialysed enzyme was applied in the

presence of 5 mM dithiothreitol.

The column was calibrated by use of proteins of knov¡n molecular weight:

Catalase (IM 2251000) , Hexokinase ( M^tr 961000) ¡ Haemoglobin ( Mw68r000)

and Cytochrome C, (t4v,¡ 131000). The assay systems employecl \,rere¡
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L. For Catalase: pH 7.0, 0.01 M sodium phosphate buffer and 0.1M

II^0^ vrhose breakdohln vlas follor¿ed aË 230 n¡r.zz
2. Hexokinase: 30 mM glucose, 0.2 nll NADP, 27 vg G-6-P dehydro$enase,

1-0 ÐM ATP in 0.05 M IIEPES pH 7 .0 buf f er. NADP reduction was followed at

340 mu

3. Haemoglobin: 0.D. was measured at 410 nu.

4, Cytochrone Cr: O.D. rnras measured at 500 nu.

. 5. Pyruvate kinase: saturating reagenËs as previously described

except PEP was aË 0.2 nlf. SeparaÈe assays \,rere carried out with 1nl'f FDP

and 1 n}f AMP presenË as well as withouË any effectors

The method and analysís of the resulËs *"". "ft"r the method

of Andrews (l-963)
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RESULTS

Growth Medium

Escherichia coli K12 was grohTn in 1 l-itre amounts of rninirnal

salts broth with the carbon supplements shown in Table I. After

sonicaËion and cenLrifugation, it was established that extracËs obtained

from cells gror¡rn on 0.57. glyeerol had the highest specifÍc activiËy for'

pyruvate kÍnase. This carbon supplement T¡/as, thereiore, used for

growing cells in larger quantíties.

The high specific activiËy obtained from cells grbr,m in 1 litre

âmounts r,ras noË obËained from cell-s grohTn ín O .!i4 glyeerol in carbouy

amounts. The specific acËíviËy of such ce11s can be seen in Table II.

rurr-rr-caÈl-Dn

PyruvaËe kinase was rouËinely purified 100 Ëo 150 times as shown

in Table II. trIiËh Ëhe inclusion of a G-2OO sephadex column step Ëhe

enzyme was purified 200 to 250 times, buË only with the loss of the

najority of the enzyme. The purest preparation obtained showed 5 bands

on polyacrylamide gel after disc electrophoresís.

Other purificatÍon methods were aËËernpËed. Ethanol preeipita-

tion between 302 and 501l duplicated the arnmonium sulphate fracËionation

and would give no furËher purifícation. Calcj-un phosphate gel- would give

a small amount of purificaLion, buË various attemPts using different

concentraËions of Tris-HCl buffer, ¡mms¡i1¡r¡ sulphate, and EDTA did

not yield sufficient recovery to make iËs use worthwhile. Hydroxylapatite

mixed with 302 cellulose, was used in a column after the G-200 sephadex step

Ilor¿ever, an ionic gradient up to 2 M KC1 failed to elute any enzyme from

the column. Pyruvate kinase proved to be heat 1abi1e, when heat precipi-
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tation was tried. Reverse ammonium sulphate precipiËated was tríed hovrever,

pyïuvate lcínase r¿ould lose activity very signifícantly r,rhen exposed to

hígh aurmonÍum sulphate concenËration for some time. The acf:iviÈy rvaê

regained after precipitation out of ammonium sulphate solution. This

feature made Ëhe deterrnination of Ëhe exaet precipiËation and dissolving

levels diffícult. Some of tire pyruvate kinase was found to respond in

302 amrnonium sulphate, but r¿ith no activity apparent, whilst the bullc of

Ëhe enzyme requireð, 207. ammonium sulphate for resuspensíon. This solutíon

would shor¿ some activity, buË more l'üas apparent upon plecipitation from

the ammonium sulphate solution. îhis result can be explaíned by the

subunít structure of pyruvate kinase to be shown later'

The abilíty of pyruva.te kÍnase Ëo survíve \.das dependent upon t\'¡o

factors. The first was dithiothreitol, rvhose concentTatíon had to

be increesed rvith inc-reasing purity of the enzyme" l-'he seconct r'¡as

proLein concentraËion. If the fínal preparation of the enzyme after

the alumina CY step was ftozg¡ as a díluted (i.e. 10 m1 suspelsion),

the enzyme rras destroyed. As a 0.5 ml aliquot iÊ would survive with

full actívity for up to one month. Longer storage \,/as not attempted.

The enzyme would lose aboul;. 20% of its activity per day when left at

4oC. This r^ras apparent when prolonged dialysis was aËtempted, and

\,/as a major factor along rvith dilution of the proteín in Ëhe poor

recoveïy obtained from the slor,¡ running G-200 sephadex column. The

purification of Ëhe enzyme as shor,¡n in Table II rvas completed in three

days Ëo the end of the alumina Cy step. This meant Lhat 50% of the

enz)n¡e would have been lost before any purificatíon steps could be taken

into consíderaËion. For examples of prolonged díalysis see Table III'
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Kinetic Results

These results were obtained using 150 folcl purified pyruvaËe

kinase Ín solutÍon containing 10 mM dithíothreitol. Evidence presented

later indicates that pyruvate lcinase under such condítíons would have been

in a l-etrameríc, AMP-actívated form. hhether or not all of the enzl'me

present was in a tetrameric form is uncertain.

(a) Saturatíon Values.

The saturating values employed for the substrates PEP, ADP and

MgCL, were 4.0 ilù'f , 1.25 mM and 10 uM respectively. t

(b) Enzyme Concentrátion

Inspectior of fig. 1 shorus the relationshíp betr^reen proteín

concentration and pyruvaLe icinase acËivity. For all the kínetÍc

^-'^^-{ñi^ñtsõ 
qn 1 ^.-I lntl 1 -1 4 -:::l-¡ :-:::-- :".==1 \t'--: ^L: ^- j-- !1- ^Uilii;!r¡,avr¿ ,r qi¡g rvu/! a!¿YuvLo vJL!s uÞçuô v a!!aL!u¡¡ lrl Ll¡E

maxímun velocity rates from one experiment to another depended upon how

long the enzyme preparatinn had bee:r diluted, and unfrozen.

(c) Buffer BffecËs

For the determinaf:ion of the optimum pH varíous buffers \^/ere

used" Pyruvate lcinase sholed no activit)' in 0.05 M sodium phosphate

(Sorensens) buffer and oone ín 0.05 M citrate-phosphate buffer. A

fine precipitate appeared upon the addition of Ëhe enzyme

At pH values greater than 7.5, both 0.05 M I{EPES and 0.05 M

Bicíne bufL-"ers showed comparable activities, whílsE 0.05 M Tris-HCl

shov¡ed approximately half of t-he activity found with HEPES. For acid

pH values 0.05 M IÍES and 0.05 I'f sodium cacodylate had comparable

activities.

used:

For Ëhe determination of pll curve tire following buffers r,,/ere
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pll 5.0 
-> 

phr 7 .0 0.05 M ¡1ES

pI{ 7.0 
-> 

pH B. 5 0 .05 M HEPES

pH 8.5 > pH 9.5 0.05 M Bicíne

(d) pH Optiinum

Pyruvate kínase showed opËirnum activity aË pH 6.2 - 6.3, ruhich

tras not in agreenent with a previous report (Maeba' 1968). The oP'Límum

did not shift with varying values of PEP, and r./as the same when I'fnCl,

replaced MgCIr. The shape of the curve for MnC1, ruas slightly different

showing better relative activít-y at alkalÍne pH (Fig. 2). There was

no activity at pH 5.0.

(e) Variation of Iiinêtic Propertíès r'¡ith pH

The allosteric nat-ure of pyruvate kinase was marlcedly changed by

pH. At pH 6.3, the actívj-ty of. pyïuvaÈe kínase plotted againsL PEP

concentration yielcied a near hyperbolic curve. As the pH changed aiuray

from Ëhe optímum the allosteríc nature becane more pronouncecl. This

facet is illustrated by Hill plots iir Fig. 3.

The foll-owíng kineËic results 'ürere obtaíned from experiments

carried out at pl1 7.0 unless specifíca11y mentioned to Ëhe contrary.

(f ) Substrate l(inetics

From initíal- velocity studies PEP ;zisf¿ed sigmoídal plots

(Fig. 4) wirh an approxímare l-'.m value of 0.22 ÍÌ,1. at pH 7.0. At pH 6.3,

the Kn value l{as approximately 0.12 tM. The pyruvate kinase aitivity

in Lhe presence of saturating PBP, but variable ADP yíelded MÍchaelis-

Menten hyperbolic plots (Fie. 5). At saturating PEP (4.0 mM), the

KADP r"lre is 0.1 rnl'f. The double reciprocal plots, Fig. 6 and Fíg. 7,

shor+ Èhe relatíonship between pyru\./ate lcinase acËivity and MgC1, concentra-

tion. fiTl.en both PEP and ADP are saËurating Km for ]fg is 1.55 mM.
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TC1Z could replace ItgCLrr buË the resulËs obtained were quanÈitatively

different. The approximaËe I(m for PEP was 0.02 nl,f. In Fig. B iË can be

seen that MnC12 and MBCI, appear Ëo be competatíve with each other.

MnC12 appeared to be ttpreferredtt by the enzyme, as Ëhe shape of the curve

obtained when the t"tg#, Mn# ratj-o is 1:1, was very close to the curve

obtained when only MnCl, I^Ias present. I^Ihen using MnCl, the acËivíty of

pyru\¡aÈekinase was higher at low PEP concentrations buË the Vmax was

onJ-y one third of the Vmax for YIgCLr. Thus llnc12 appeärs to be an

inhibitor of pyrurauekinasers poËential- activity. trühen. PEP and ADP r,rere

saturating, a double recÍ-procal plot (Fíg.'9) showed thaÈ the Itu for

MnC12 is 2.5 mM, although at MnCl, concenËration less than 0.5 ml"f, the

líne does noË remaín linear.

(g) Product Inhibition

High levels of pyruvate acid r¡ere found necessary for inhibitíon of

pyruvate kinase activity. I^Ihen PEP Ís saturaËíng, 1eve1s of pyruvate acíd

5 ïnll, 10 nûM and 20 mM were required Ëo produce Fig. 10. I^Ihen ADP was

saturating 20 mM pyruvate acid v¡ould produce on1.y 257" inhibiLion when the

PEP concentration was 0.2 rnì,I. The affect of 5 urM and 10 mll pyruvate acid

lras correspondingl-y less

I{hen A.DP vras saturating, 2 nl,f ATP would produce 50% inhibiËion aË

0.2 ml,I PEP concentratíon (Fig. 11). However, when PEP was saturaËing,

higher conceriËrations of ATP r¡rere required to produce significant ínhibition.

It was found that cornmercial preparatiorsof ATP contained sufficienL ADP to

produce great inaccuracies when low AÐP concentratiorswere used ín Ëhe

reactíon ulixture. As any data obtained rvould be of dubious vrorËh, no plots

are presented.

(h) Activation of PyruvateKinase

Pyrurrate kínase as reported by Maeba (1968) was acÊivated by FDP and
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AIIP. The apparent conflícting evídence by l"lalcovati and Kornberg (Lg6g) can

be explained by consideratíon of pH and enz)¡me species presenË.

AMP l¡as shown to convert the sigrnoidal activíty of pyruvaËelcinase

Ëo a regular hyperbola aË I nM concentration (Fig. L2), Fig. 13 sl-rows

that Ëhe I(m for PEP is 0.11 mM in the presence of l rnl"f Al"fP. These results

were obtain-ed at pH 7.0. At pH 6.3 the allosteric nature of pyruvate

lcínase \,/as practícally elinr-inated, and AlfP activation ruas slíght. The

approximate Km for pyruvate kinase at pH 6.3 for PEP v¡as 0.12 tM, whilst

Ëhe Krn in the presence of AMP was 0.11- mM.

FDP activation (Fig. 14) dLd not produce, at any pH, hyperbolic

plots, even rvith 10 mlul concentration. The activation ciid not cause a

very great change in the n nurnber obtained fron Hill ploËs (Fig. 15).

Irrhen MnCl, replaced MgCL, ín Lhe assay mixture, símilar qualita-

ti've results were observed.

Heal- Inactivatíon

AEternpts Ëo desensítize PYruvatekinase by heat failed, as the

enzymes activity disappeared as quickly as did Lhe loss of acËivatíon (Tabte IV).

Dissociatíon of PyruvateKinase b)' Dialysís

An earlier reporË by Maeba (1968) had indicated thaË upon dialysis

pyruvatcekinase lost its activity and iLs molecular weight \das reduced by

half. This Índicated a subuniÈ structure for the enzyme.

Prolonged dÍalysis for 48 hrs during Ëhis investigation failed to

renove completely the pyruvatelcinase actívíty, buË díd reciuce it to

approxima LeLy 57" of the activity before dfalysis

Reassociatíon oJl Pyruvatel(inase by Diá1ysís

Incubation of Ëhe dial.ysed pyruvaËekinase showed a sloi^l reactivation
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by flrnæcaptoethanol and dithiothreitol (Fig' 16)'

glutathione failed to reactivate pyru\ulËekinase'

Coenzyme A and reduced

Incubatíon of pyruvatekínase with 2 rnM and 10 trM díthíothreitol

with various legands aclded, shorued that only 1.25 üù't A.DP and 10 mM l{'gCL, together

produced an), signíficant effect upon the rate of reactívation. Ãfter 4

hrs, the pyruratekinase acËivity in the above é,-DP, MgCl, and dithiothrei-

tol rrrixture vras onLy 50% of the actívity of the control rvith only

dithíothreitol. Other ligands Ëried on theír ovlt-l or in combínations r^¡ith

each other r{ere FDP, AMP, ATP, Cyclic aMP, PEP, Pyruvate acid, NADH, NAD.

None of these produced trry "ígnificant 
effect. Neither IDP nor AMP

produced an actirzation, buË instead a slight inhibition.

Microsomal Thio-l--DiÉùlphide InËerchange Enzyme

Mícrosome-s obtained by the method of Goldberger et al (1963) iuere

added to pyruvatekinase and íncubated aË 4oC. The results ín Fig. 17 shor^¡

that only partial inactívatíon was acirieved and Ëhat Ëhis ínacËivatíon r'+ould

gradually disapPear wítl-r time

450 D.EAE-Sephadex Elution Profiles

During Lhe course of purifical-ion it was shov¡n that the slow running

450 DBAE-sephadex column required Ehe presence of 10 üM dithiothreíËol to

sËabilíze the enzyme" Initíaily 2ûùl díthíothreítol had been used' and the

eluLion pattern shov¡n i.n Fig. lB rvas found. If there \fas no dithiothreitol

present, the pattern of elutiorl \^ras as in-Fj-g. 19, and'i^rith 10 ni'f dithío-

threí1-ol Ëhe pattern follotn¡ed Fig ' 20' The faster flor+ing DEAE-cellulose

column shorored the elution pattern as in Fig. 2L Ln Ëhe presence of 2 mlf
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diËhiothreitol. Comparison of Fig. 18, Fig. 19 and Fig. 20 shor+s that there

appears to be present t\^/o eilzyme species whích ale dependent upon the

concentration of dithiothreítol.

Kínetics of Díalysed Enzyme

These kinetic results were obtained at pH 6.3 and rvhen there \rlas

apparently a non-homogeneous enz)rme sysËem operating. Fig, 22 and Fig. 23

are Ëhe same results, but different scales. The inítial activity in the

absence of FDP was thought to be due to the presence of Ëhe tetrameri

specíes which ís,ac1-ivated by Al"fP. The acLiviËy in the presence of 1mM

FDP r¿as practical-ly hyperbolíc and símilar to Ëhe acËiviËy of Ëhe

l-etrameïíc specíes at pH 6'3' However, the curve rrras not any more sigmoídal

at pH 7.5, which rvas unlike Ëhe tetranteric species, a.ctivated by AMP.

Af¡or the êrtzvmè s¡rsnans-íôn. r,râs lrseri f'o obf:¡irr the abowe- ::e-stilts^

ít r¿as íncubaËed for L2 hrs rnith 20 nIL dithiothreitol at 4oC. Kinetic

results witir these incubated suspension are shor¿n in Fig . 24 and Ei-g, 25.

IË j-s interesting to note that the Vmax has increased by the amount that

Lhe Vmax for the inítial activiËy withouË effectors increases (i"e.

Velocity at 2 ¡iùÍ PEP) . hrhen the cell suspension l{as assay immediately

afËer sonicaËion a similar curve to Fig. 24 ís obtained (remembering that

adenylaLe lcinase would be irresent) .

Determínation of Protomer Number and rLr- Number

In a recent paper by Horn and Bornig (1969), it was showrr that by

assumpËion of i-he Monod, llyman, and Changeux (1965) model for allosteric

enzymes, Ll'tat iL t+as possible to deternine the tI,r nurnber and Ëhe tnt

number of an enzyïe by ploËtirig f-ire follor'ring equation:
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Log (g - c -1) = LogLr - (N-1) 1og(1 +c)
Yg

as los (3 a - 1) against log (I + o )- YS

Substrate concentration
where x =

constant of the substrate

Y= = VrlVmax

.iN = protomer number

Lr = L(r+ß)N / (t+l)N

Inhibitor concentration:_T
-I

Activator concentration
f=

LogL!'
The resulting plots would give an intercept f,og (1 + o ) = tl"-fl

and a gradient = -(N-1).

Using results obtained here, Fig. 26 shows the plots using the

above equation. For A, pyruvate kinase is in 10 mI4 dithiothreitolr there

are noaactivators or inhibitors (...L = Lr) and the pH is 7.0. The

plots would indicate a tetramer is present.

Graph is plotted by using data from graph 22, corrected for

residual "tetrameric activity".

The microscopic dissociation constant rvas considered to be 0.Il mM

\
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for boLh cases shor¿n as Ëhis is the

meric form, and also the value that

dialysed enzyme.

actívation of the tetra-

approaches vrith Èhe

value for AMP

FDP activatíon

The occurence of the number N=5 is strange, but using data from

Malcovati and Kornberg (L969), the resulË ís the same.

Molecular tr^Ieíght Studies

The results of the G200 sephadex column runs \^reïe unusual . Pyruvat,e

kÍnase acËivÍËy was found the whole length of the colunn eluant rvhen Ëhe

colunn T¡ras run witir 5 mM dithiothreitol. Assays carríed ouË in the

presence of FDP and AMP produced a nurnber of pealcs of activity. The

peak ruiËh greatest acLiviËy (10x Lhat of any other) \^ras an FDP activated

enzyme wíth an approximate molecular weight of. L40,000" An AMP-activaËor peak

found at approximately 100,000, nr,olecular rueight has no FDP actívation.

Activity withouÈ efÍectors vas loru when associated. r^rith FDP aciivaied

peaks, but relatively high when associaËed with AMP activated peaks

ThÍs ís in agreement with kíneËic results menËioned earlier. In Ëhe pre-

sence of no díthiotl-rreiËol, Ëhe only active species found had a molecular

weight of 35,500. Maeba and Sanr¿al (1968) had reporËed a M.l^I. species of

501000. Although Ëhis was noË found, resulËs of the colurnn in the

presence of 5 uM dithiothreíËol s.uggest sËrongly that this subunit should

exist. Table VI shorns Ëhe approximate molecular rveight obtained. There

\,¡as Ëoo much ínterference from different species to give accuraLe results"

Fig. 27 shor¿s the calibration of Èhe G200 sephadex column"
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Fig.1. The actÍvity of pyruvate kinase ín relation to the protein

concentration of the 150 fold purified fraction. The

assay system used 0"2 mm PEP and the other subsErates

r^/ere saturating. The line (- - -) indícates a possible

lj-near relationshíp and the line (-) shorvs the actual

relatÍonshíp.
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Fig.2. Pyruvate kinase activíty is shown as a function of pH

at various PEP concentratíons. The optimum pH is

6"2-6"3" The curve marlced MnC1, r^ras obtaíned using

0.2 nM PEP and 10 nM }!:rC1^which replaced MgCL, in the

assay mixture.
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Fig.3. I{i1l plots for pyi:uvat-e lcinase acÉíviËy are shoi^¡n at

various pH values. At pH 6.0 , (e-+-c) the N value

ís 1. L2, pH 6.3 ((H), the optimurn pH has an N

value of 1.04. Increasing pll values yiel<l higher

N values: pH 6.8 (A-A-A), D=1.52; pH 7.0 frnm Fig 15,

N=2.00; pH 7.5 (x-x-x) N=2.43.
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Fig. 4 Pyruvate irinase act,iviËy is shown to be allosËeric for

PEP. The curves rÀiere obLained at various ADP concentra-

tions. These concentrations are: 1.25 mM, 0.625 mM,

0.3L25 rnM, and 0.156 m}l; which corresporid Ëo curves

1-12r3 and 4 respectively.
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Fig. 5, Michaelis-MenÊ,en hyp erbolic

various fixed concentration

ADP.

plots are obLained at

of PEP, and varying
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Fig. 6. ADP ís saturating and PEP Ís aË various fíxed con-

centration as indicated. Thís double recíprocal

plot shows a peculiar relationship beT-r,¡een pyruvat.e

lcinase activíty and NIgCL, concentratíon under the

above conditions. AË saËurating PEPthe i(m for

l^fã.1 :õ 1 R( mM
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Fig. 7. PBP is saturating and AIP is used aË fixed concen-

Ëratíons as indicated. These are double reciprocal

plots of pyrurate lcinase activity againsË l[gCL,,

concentration.
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Fig. B. Pyruvatekinase activity is shov¡n with variable

PEP concentration aL fixed concelltrations of

MnCl, and l"fgClr: (e-æ-@) is 10 nùI I{gCJ-r; (0--O--O)

ís 10 uM MgCl, and. 2 nù{ MnCl.r; (n-n-n) is 10 nM

MnClr; (X-X-X) is 5 mM MgCl, anrl 5 mM MnCl-r.
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Fig. 9. PEP and ADP are saturating" The double reciprocal

ploË for pyrura.te lcinase actirrity agaínst I{nCl, con-

centraËion yields a plot v¡hích ís línear for l'{nCl,

concentrations from 4.0 mlt to 0'5 mM, but ís non-

1ínear for lorner concentraËi.ons of. MnCLr. A ifu of

2.5 nM is extrapolated.
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Fig. 10. PEP was saturating, and ADP was varied. The doubi-e

reciprocal plot shows pyïuv¿Le lcinase activity againsË

ADP concentration aL the followíng levels of pyruvate

acid: (A-A-A) 5 mIî, ((H) 10 url'f, (e--e-+) 20 mM"

The inhibitíon appears to l¡e uricompetative"
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Fíg. 11. ADP was saturating and PEP was varied at the

indicated fixed concentrations of ATP.
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Fíg. L2. Double reciprocal p1-oËs of pyruvate kínase ¿s¡ilrity

againsË PEP concentration at fixed Al"lP concentraËions

of 0, 0.21rMir 0.5 mM and l rTrlf (1 ,2r3, ar.d 4 respectively),

show the activaf-ion caused by /,MP.
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Fig. 13. As in Fig. L2, tine Km for PEP is shown to be 0.11

rnl"Í in Ëhe presènce of 1 aM AMP.
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Fig. 1'4. Double reciprocal ploL showing FDP activaËion of
pyruvate lcínase. (r-¡-.--¡) no FDP;

(a a a) 0.5 mM FDP; (A-A-A) I 'rù{ FDP,

(X-X-X) 2 mM FDP; (o--o----o) 10 ml'I FDP.
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Fig. 15. Hill plot. of Lhe pyruva¡e kinase activity- at various

concenl-rations of FDP: (X-I'-X) no FDP; (€Æ)

1 mM IDP; tO---O-O) 2 nrn FDP; ( A-A-^) 5 trù'r FDP.

The v:1':c5 f or \l a::e 2 - 00, l-- 88, -1-. BR anri 1 . R0

respectivelY.
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Fig. L6. ReacËivatíon of 48 hx dialysed pyrurË.rehinase with

((H) 100 nrM mer:captoethanol; (,1-A-¿) 10 mlf

dithiothreitol; (A-=A-A) 10 ml'f mercâpLoeËhanol;

(X-X-X) linM dithiothreítol; (e--e---@) control.

The incubatíon v/as at 4oC and in 0"05 ìf HEPES pH 7.0

buffer" The assay mixl,ure used 2.0 irù"i PEP.
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Fig. L7. Microsomal preparaËion containíng the mícrosomal sulph-

ide exchange enzyme \¡ras added Ëo pyruv¿tekinase. The

figure shov¡s the partial Ínactívation of pyrurate

kinase, folloiued by a gradual reactivatíon. The

inactivation productng 507. inactívation, employed

twice as much rn-icrosomal susoensíon as ín the ol:her:

result
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Fig. 18. 450 DEAB-sephadex elution pattern with 2 nM dithiothreiLol-

showing Ër+o enàyme species. (ffi) normal assay

enploying 0.2 tM PEP; ((H) assay enploying

0.2 nlf PEP and 10 rnlf dithiothreil-ol. Note the

non-syüme trLcaL activation by dithilthreíto1.

The dashed line ís protein concentration of the eluant.
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Fig. L9. 450 DEAE-sephadex elution paËËern with no dithíothreitol

showing one ênzyme species. (e--ø----ø¡ assay with 0.2

rnY PEP; (()-{H) assay wÍth 0.2 DM PEP and 1.0 mM

dithiothreiËol. The enzyne is syrmleËrically

acËÍvated. The dashed line is protein concentration

of the eluant.
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Fig. 20. 450 DEAE-sephadex elution pattern i¡ith 10 mM

dithiothreítol showing one enzyme species assayed
:

at 0.2 mM pEp. No additional activiËy was found

when the assay included 10 nù{ dithiothreítol.

The dashed line is proteín concentration of the

eluant.
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Fig. 2L. DEAE cellulose elution pattern.



5f

PV R U V,qTE
p
Þ

K¡T,]ÂSE ACTIVITY
Pi
00 l\)

(u¡.,urs/ n¿ I )
to

øO

m'r
ilr

mz
-l

or
K
!'n

e

KC I CONCEN T Ri\TIOÍ{ (M)



Fig. 22" Kinetics of pyruvatekinase afler 48 hrs dialysis.

(()_i)-0) assayed rvith t nlf FDP; ( A-A__A) assayed

with 10 rnM dithiothreitol; ([-y,-¡) assayed \'üíth 0.5

rnM Alß; (e--e-ø) assayecl with no effectors. The

buffer rvas 0.05 M MES pH 6,3.



pvR{J vAT F K ¡¡\AsÉ Acr rv ¡Ty (u N r Ts /rur t)
o
Ì\.,
u

o
tn
o

o
:J
ul

52



Fíg. 23. Exlpanded scale of initial parL of Fig. 22.
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Fig. 24" I(inetics of pyruvatekinase suspension after 4B hrs

díalysis and L2 hrs incubat-ion wLtln 20 nt"I dírhioËhrei-

tol. ((-)---H) assayed with I mM FDP (X-y,-X) assayed

with 0.5 m}l AllP (@-i+--€) assayed r,¡ith no effectors.

Note that Ëhe increase ín Vmax over that in Fig. 22

ís the sane as Ëhe increase in the curve r¿ith no

effecËors "
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Fig. 25. As Fíg. 24 except with exþanded scale.
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Fig. 26. Thesê truo plots using the method of Horn and Bornig (1969)

give the N and L numberô for pyruvatekinase.

A. Pyruvaûe kinase is in the presence of 10 ml'f díthio-

ËhreiËól, there are no activaüíons or inl.ribitors

therefore L = I-t. ro¿ the uH is 7"0- Tlre nlot

indícaËes a tetramer.

B. Usíng daËa from graph 22, corrected for residual

tLeËrameric actirzítyr, wiËh no acËivation or

inhibitors, therefore L = Lr, and the pH ís 6.3.

The p1-ot gives N=5.
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Fig. 27. G-200 sephadex column calibration r¿íth proleins of

knorun molecular rveighË: Cytochrome C, (13r000) X;

Haemoglobin (68,000) A ; Itexokinase (96,000) @ ;

Catalase (225,000) 0" B is the molecular weighË

species of pyruvate kinase eluted from the column

run wíthout dithiothreitol.
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DISCUSSION

Pyruvate kÍnase l-ras been shorvn to be controlled by two ligands

AMP and FDP. Thís is ín agreernent rvith a p::eriious report by Maeba and

Sanlal (1968). In 1969, Malcovati and l(ornberg reported tira.L there r¿ere

two pyruvate kÍnases in Escherichia se_li, one being allosteric, and

activa{-ed by FDP, and the other showing normal MichaelÍs-Menten kínetícs.

Neither \^ras reported to be activated b), AMP. However, ít should be

noted that ihe assay medium employed by I'falcovatÍ and Kornberg had a

pH of 6.5, which is very close to the optímum pH of 6.3 rer-,orted here.

At this pH allosteríe behaviour occurs only belor¿ a 1eve1of 0.05 mlf

PEP, and this is the lower 1inúL reported by Malcovati and l{ornberg. If

tlre assays had been carried out at pH 7,0 or higher-', the allosteric natu-re

..^.-1J 1-^,,^ L 
-^-^ ^1^--: ---^ùvvs¡u ¡¡qvç vguvillg utule vu vluuù.

The initial M.i,I. studies carried out here indicate t-hat. there are

two dissimilar protein subunics v¡hich r.rhen aggregated are responsible for

pyruvateicinase activity. One has a molecular weight of approximatell'

501000 and when aggregated Ís activated by AMP. The second has a

molecular weíght of approximaËe1y 35r500 and is actívated by IrDP irrespect-

ive of whether it is aggregated or díssociaËed. For símplicíty rve wíl1

call the former PyKamp and the latter Pyl(fdp

PyKamp has a I(m for PEP close to 0.1rnM at pH 6.3 and a Km of

0.22 TINI at pH 7.0. AMP activates the enzyme significantly only of pH 
,

values higher than 6.3. rrrespective of Ëhe pH value, horvever, when

the enzyme is fu11y activaËed by AMP, PEP yíelds a Krn of 0"1 mM. Also,

Ëhe enzyme is inhibited by ATP f.airl-y effectívely. In comparíson r^¡ith

PyKamp for r^rl-rich velocity becomes i-rrr'lependent of substrate at 1 mM PEP,
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the PyKfdp has very f-ittle acLivity at I nlf PEP in the absence of FDP.

Its I(m for PEP at pH 6.3 ís approximately 3.5 mM. Because the purífica-

tion procedure used to isolate pyruvate kinase employed 0.2 ff PEP, it

is in retrospect assumed that the lcinetic results reported here r+ould

be basically that of PyKamp. In fact, FDP and AMP activatíon had been

followed through the purificaLíon procedure, and FDP activation decreased

sharply, and even led Éo Ëhe isolation on a G20O sephadex colurun of a

pyruvate kínase v¡hich was noË activaLed by FDP on one occasiou. PyLamp

kinetics as reporÈed here show remarkabl-e sírnilarity to the kinetics

of PyKL ísolated by both Tanaka et al (Lg67) and Rozengurt et aL (L969),

except that this animal enzyme is activated by FDP"

Since there are indicatíons (see Results) that Pylbmp requires

the presence of dithíothi:eito1 duríng purificatíon, and loses actívíty

in Íts absence, íL seems possible that the kínetícs of enzyme preparations

retained after dialysis in the absence of dithio'Ehreitol would príioarily be

due to the presence of the survivíng Pyl(fdp, although there is no certsinty

that hybrid forms (containíng 35,000 and 50,000 I'1.W. subunits) do not exist.

It should be remembered that Tanaka et al (1965) reported that there are

three PyIU,s isolated electrophoreticall)' from hís preparations.

The results by t'4alcovatí and l(ornberg (L969) shoru Ëhat the relative

amounËs of PyKamp and PyKfdp are controlled by ti-re carbon source on which

the cells al:e grotr7n. By observation of the relative amounts found in

glucose gro\¡/n cells and in glycerol gro\,¡n cel1s used in this investigation,

one ivould Ëend to agree r¿ith the above finding.

However, Ilalcovati and Kornberg (f968) sholed two dístínct, types

unlike the rnany M.l^1. species found eluted froin G200 sephadex column.

I,trherher these r¡rixed subunit aggregatíonsfound actually exist in vívo
,/is a matter for further iirvesËigaÈion.
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The initÍal velocity curves obtained from crude extracts, and fron

the "dialysed enzyme" are due to the addition of the activatíes of trqo

or maybe more species of pyruvate lcinase. This fact has interesting

theoretical ramificatíons as the curves are similar to those whích

Levi-tzlcj- and Kosi-rland (1969) rvould consider to be due to "negatÍve

cooperatívityrr. If one consíders that both specíes of pyrulatekinase

have a mechanism in accord r.'ith the Monod, hlyman and Changeux (1965)

model for allosterism, then it is clear tirat the addition of theír

activíties v¡ould produce 'tnegaËív1y cooperative " curves. SÍnulation of

this tl-reoretical condition is being studied by means of an IBlf 1620

computer and inítial, but unreported results are encouraging. If hybrid

species of the Ëwo dissimilar subunits could be obtained, it rrrould be

interesting to see whether these kinetics would yield the so-called
ttnegativly cooperativett curves.

considering the símplesË case that the two specíes pyl(amp ancl

Pyl(fdp exisË as tr,¡o separate and distinct forms, the physiologícal implíca-

Ëíons are of great ínLerest. At fírst, ignoring the interrela.tionships .

\,Iíth anaplerotíc pathvrays, it can be seen that in the case r¿here there is

no FDP ín Ëhe system, then only PyKarnp would be operational. If ATP rvas

high, then this enzyae tvould be reasonably effectively inhíbited, and not

activated by AÞIP urhich rvould be 1ow (t<rebs, 1964 and Atkinson, 1965).

However, aË low energy levels rvithin the cell, the enz)rme r¿ould have high

activíty at 1ov¡ PEP concentratíons due t-o AMP activation and then allow

the TCA cycle to function continually. The FDP activation of Pyl(fdp,

which can be conside-red almost ínactive ¡vithout FDP r^¡hen compared to

PyKanp, t+ould allor¿ f or rapid turnover of PBP when the cel1s \47ere gro\^/n

on glucose. Thís would have the effect of enhancing thc irreversibility
/

6f pyruvate ltinase, and thus creating the theromodynamic pu1l on the Ernbden-
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Meyerhof patht+ay. As there has not aL present been any studies carríed

out with ATP ínhibition, no concl-usion can l¡e made as to the enzymes

inhibition. However, it rvould seem likely that ATP should be a good

inhibítor of PyKfdp activity

The ability of FDP to activate PEP carboxylase (Maeba and Sanwal,

1969) assune that a sufficienL supply of oxaloacetate r,¡ould be avail-

able for efficient operation of the TCA cycle, when cells are gro\.\7n

on glucose. In the cases ruhere gror+th occurs on oËher substraËes

(e.g. aceËaËe), a balance betiveen aceËyl CoA activated PEP carboxylase

and Pyl(amp would control tire operation of Lhe TCA cycle.

fn conclusíon, there t'ould appear to be t\^lo pyruvate kinases in

Esche-richia coli, each allosteric, each comprised of subunits but of

,74çç^-^^þ ^^1 ^^,,1 --.."^i-L.+^ 1( qfìn ^ñJ qn rlnfì ^-.l ^^È-í.-^â^J 1--- ÌrrìT)
u*!!e! saù! rrv¡{l ,Jvv 

q!¡s Jv gvvv voeçu eJ

and AMP respectively. The possibility of hybríds or isoenzymes is also

indicated.
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