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Guinnea pig hearts ‘svere perfused with Krebs-bicarbonate solution to ‘svhich glucose, pyru-
vate, acetate, �-hydroxybutyrate, or octanoate was added. Heart extracts ‘s’s-crc prepared inn

the presence of 13 m� caffeine and assayed for phosphofructokinase activity. When assays
‘s’s-crc done at pH 6.9 (a pH which allows demonstration of allosteric regulation), extracts

from glucose-perfused hearts had high enzyme activity, ‘s’s-mile extracts from pyruvate-,

�3-hydroxybutyrate-, and octanoate-perfused hearts mad very bo’s’s- activity. Extracts from

acetate-perfused hearts had intermediate activity. Tine reduction in phosphofructokinase

activity in pyruvate-perfused hearts was correlated witin increased tissue citrate levels.
Furthermore, ‘svincrn enzyme activity was determined as a function of fructose-fl-P concen-
trationn, a sigmoid curve ‘s’s-as obtained for extracts of pyruvate-penfused hearts amid a hyper-
bohic curve ‘s’s-as obtained for extracts of glucose-perfused hearts. Addition of isoproterenol
to tine perfusate antagonized the effect of pyruvate. Tine data provide direct evidence for
allosteric control of tine emnzyme in intact tissue by intermediary nuetabolites of aerobic

metabolism.

I NTRODUCTION

Most of our knowledge regardinig tise
activity of phospinofructokinnase in responnse

to cinainges in cellular niietai)olism luas beenn
based onn estimates of substrate levels inn
tissues (1-3). A decrease in the concentra-
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tioms of fructose-fl-P and ann imncremuse in tinat
of fructose-i , 6-P2 inn tine tissue are con-

sistent ‘s’sithu ann increase mi pisospisofructo-
kiniase activity. Recently ‘s’s-c reported more
direct evidenice of mu channge ins phospho-

frutokinase activity of rabbit skeletal muscle
follo’svimsg inntravennous administration of
epinsephrinne (4). Muscle extracts ‘svere

prepared inn the presence of caffeine and

assayed unnder conditions optinnal for al-
lostenic kinnetics (pH 6.9 ansd lo’sv fructose-6-P

conscentrations) amud ins tine presennce of cyclic

AMP. Enuzynne activity in extracts of muscle

sanuples prepared follo’svimng epinephninse
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administration ‘s’s-as niucin hsigiscr thann ac-

tivity inn conntrol extracts (4). ()mn the other
hand, maximal enuzyme aotivity (assayed at
pH 8.2) ‘svas nnot significanutly chianngcd. Tine
increase inn pin(inq)hofructoknnnis( act wit y
follo’svinng (pinsepinrinie mu(lminiist ratioins ap-
peared to) be due tO) a nnodification in the

kinetic proi9orties (if tine (nzyme : it boemime

less scnssitive to) ATP inihibition amid ismsd a
higher affinsity for fructose-fl-P. Tint presonst
study ‘svmis unidertakems toi test tise effect of

perfusing tine guimsea pig iseart with differemnt
substrates and ‘s’sith isoproteromnob oni pino)s-

phofructokinnase a(tivity. Tine results inndi-
cate t hat Phnosl)inofructOkiniase act ivitv , ‘svhenn

assayed at 1)H 6.9, could he inhibited fob-
lo’sving perfusionn of tise Iseart ‘svitis pyruvate,

$-hydroxybutyrat e, ict anoate, ( ir acetato.

Inhibition of phosphofructokinase by per-
fusionn ‘s’s-itin �)yruvate ‘svas antag(innizetlb by
tine addition of iso)pro)terenio)b to tise perfusionn

fluid.

MATERIALS AN!) .‘sIETHODS

Perfusion of �/u in ea /) i(/ Imea ris. �\ I ale

guinea pigs (400-600 g) ‘svere decapitated;
their hearts ‘svere quickly removed and tranns-
ferred to mu l�etri dish eonitainimsg perfusiomu

fluid and ‘svoro trimmed of extramseous tissue.
Hearts were perfused by Lanngondorf’s (5)

technsique. The l)erfUsionl fluid ‘s’s-as Krei)s-
i)icarbo)nnat(’ so)iution ‘svlnichn contained 1 18.5

m�i NaCI, 4.73 m.’si KCI, 2.54 mit CaCI2,
1.18 m�n KH2PO4, 1.18 m�n MgSO4, amid

24.9 nm! XaHCO3 and ‘svas gassed ‘svitiu
95 % 02-S (/�� � Drugs amid substrates

were added t(i this fluid as imndicated. Tine
temperatur( was 37#{176},and perfusionu pressure

‘s’s-as 60 cm H20. After perfusions for 1 mr

heart samph(s wore takenn for assays.
Prepam-atioum o�/ heart extiacts. Abh pro-

cedures ‘s’s ero oarried out at 0-4g. Tissues

‘svere homo igeni zed �‘sith all-glass 1�ot t or-
Ehvchj cnn isonno)genliz(rmm.

1. Extracts for phsoispinofructo)kinnase as-

says: Tine apex of the isoart wmis quickby
removed, bloitted, ansd frozenn ‘s’sith \Vollon-

berger clamps (6) ‘svhicin had beeni chilled in
Dry Ice. Tine resultimng froizen ‘svafer ‘s’s-as

‘s’seigined amnd hnomogensized in 10 volumes (if

10 n�u glycybglycinse buffor (pH 7.5), 5 m’si
EDTA, 20 m�m NaF, amsd 13 m’sm caffeimie.

Tine homogenate ‘svas censtrifuged at 17,000

x q for 13 ruins. The resultinug supernimitmunt

fluid ‘svmis used for j)ino)spino)fructokiniase
assays.

2. Extracts io)r citrate determinsati(inns:

Iii( b(i\Ver two-tlsirds of tine ventricles were

o1uiekly r(nnoved, 1)lotted, annd frozeni with
olnilbod \\‘obloisi)erger clanips. The resubtinsg
frozomu sminuples �vero woigined and lions ige-

mnizod ins 2 vohunnes (if 0.6 ‘si HCIO1. Tine

hoinnogensato: ‘s’s-as cenntrifuged at 17,000 X .q
for 13 nsinn, mind the pellet uvas discmtnded.

Tiso sul)ernimttanst fluid ‘s’smis brought to pH
7.6 ‘s’siths 1 .‘sr 1�:2c�()3 ; tine resulting K(1101

was removed ii’s oomstriiugation at 17,000 X

ii for 13 mini. (1itrato ooinitonst ‘svas deter-
nninio-d inn tlsis sec(innd sup(nnnmitmunnt fractioni.

_4 ssays . I �lsospisofru(t ( ikinsase ‘s’s-mis as-
smt(d sPect ro)pinot(imlnet rioal ly i)y coupbinng

t iI(’ onuzyme ‘s’s-itin aldolas , triosEepinos�)iuate

isoin.i( rase, and a-glycer ii 1 -pinospinat e de-

hydro igeniaso as described previously (4).
lor assays at pH 6.9 the reactionn nnnixture

containsod 50 nn’sn imidazoile buffer (pH 6.9),
0.01 #{176}� abbunuins, 0.05 mu ATP, 0.0423 nn�m

cyclic 3’,3’-AM1�, 0.102 m’sm XADH, 12.5
m�m cystoinie, 0.30 nun MgCI2, 0.23 nun
fruct(iso-6-P, amnd couphimig enuzymes ins a
vo)lunue ()f 0.30 ml. Tine pH ‘svas adjusted to

6.9 ‘svith K()H. 1-or assays nut pH 8.2 the
reactiomn mixture comitainned 50 m�n potassiunn

glycylgbycinno, 0.01 � albuminn, 0.102 m.’sr
XAI)H, 12.3 muu.’sicysteimio, 0.30 mm ATP,

1.0 m’sm MgCl2, 1.0 nun fructose-6-P, annd
coupling ennzymes. It ‘svas msecessary to ad-

just the amounnt o)f couplinsg ennzymes to i)e

used at pH 6.9 hecmuuse of tine variation of
aldola.se activity inn differemst heart extracts.

Conncent rationss of aidolase substanstially
ai)ove tinat msecessary to couple tine two re-

mi(t iomns inninibited phosplnofructokinas . Such

inninii)itiomn appeared to be due to the rennnovab

of fructose-i , 6-P2 from tine aijosteric sites
of phuosphofructokimsase (7). The concemu-
tratiomu of aldolase added ransged fronn 0.032

to 0.iGO unit”ml of reactions mixture. The
reactionn ‘s’s-as started liv tine addition of
10 A of heart oxtraet. Vmilues foir ennzvnnue

act ivity ‘s’sero oorrect ed fo �r mno)nisp( oi Ic
NADH oxidat 1( ins by subtracting ai)so)rbanlce

(ismuniges oibservod inn remict io iii nnixt uros Ir( inn
winicin substrates ‘s’sere oinuitted. F�muzvine
muotivity is rej)oirted eitinor as umuits � gnmtnu,
‘svet woigint, oir mis a ratio of the activity mit
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9H (3.9 o)r 1)H 7.3 to that at pH 8.2. These

m-mutio)s ‘s’s-crc (o)nusidered ninost sunitnible for

tinis insvestigations i)eemiUSO tiney provide ans
i I idox of tine J)I�( il)( irtio)n o if pinospinofrinet �

kinnase active nemir nioutralitv relative to
toital enzvnne activity (assmived at J)H 5.2).

Ins additionn tine assay at pH S.2 provides a

chock againnst chansges inn enszyme activity
due to denaturmutions or variationu of enzyme

mi(tiVity froni onne anninual to mnnnotiner. A

unit of pinosphofructokimnase is the amount of
ennzynne tinat catalyzes tine formatioinn of I

jtnuolo of fructose- 1 , 6-P2 per nuinninte.
Citrate ‘s’s-mismussayed by a modifications of

tine nu(tiuoicl of )Ioeblerinsg amnd (ruber (S).
iresin citrate assay mixture ‘svas nuade each

(lay Ijy addinng 9.93 ml of 0.10 nm trietlsamn)l-

anuinne buffer, pH 7.6, annd 0.03 ml of 30 nnn�i
ZnsC]2 to a vial ‘sviiiciu constainsed 1 nug (1.28

,.�moles) of XAI)H. Tine assay ‘s’s-as carried
out inn ml spectroipinotometer cuvctto ‘svhicii

contauned 700 pl of citrate assmiy mixture,

290 �l of Iseart extract, ansd 3 .ml of nualate

deisydroigenuaso (27.5 units). Initial ai)-
sorbanuce at 340 mm ‘s’s-as nuemssure(l tins a

Zeiss PMQ spectrophotometer. Citrate lyase

(5 ,.d, 0.2 unsit) ‘s’s-as added, anud tine reactioni
was allowed to reacin equilii)rium. Tine differ-

ence i)et’sveenn innitial and flunmul absorbminice

‘s’s-as determinned, anud tine conicemntration of

citrate ‘s’s-as omulculmnted fronu a stminu(lard

curve.

I�Iaterials. Tine materials used in tinose

experiments ‘s’s-crc obtainned fronn the fol-
lo’sviing sources : aldolase, triosepinospinate

isomerase, a-glycerol- 1-phosphate dehy-

drogenase, citrate lyase, and mabate de-
hnydrogennase, Boehrinnger ; ATP, NADH,
isoproterenol inydrocinloride, potassium pyr-
uvate, ansd octannoic acid, Sigma ; sodiunu
�3-inydroxybutyrate, Calbiocinem ; albumins,

Armunour ; glucose munsd sodiunu acetate,

Baker. All stamsdard laboratory cinemicmuls
‘svere reageint grade from various sources,

except for trietinannolamimne, ‘svisichn was pun-
fled by distillation before use.

RESULTS

EffeCt of perfusion mit/n various substrates

on 7)/i OSf)/tOflUCtO/bill ase act ivity. Phnosphno-
fructokinsase muctivity ‘s’s-as measured at bothi
pH 6.9 anid pH S.2 inn heart oxtracts foilo’s’s-imsg

perfusno 115 eitiion ‘svithnu nit substrates or ‘svitis

various sul)strat(s addod to the l)(rfusi�nI

fluid. Tise r(sults sunnmarizod ins [‘11 1
sinow tisat. (‘nizynne activity nut l)H 8.2 did
nsot ciininnge to) a signnificanit dogi’ee follo’sving

perfusioni ‘su-itin (bifferenst subst rates. Signifi-
(anit (hiamiges ‘sVOl( oibserv(d, iioi’s’s-over, ‘sviseni
tine onizvniu� aotivitv ‘svas measured at pH

6.9. 1-or oxannple, pyruvnite mit mu conicenstra-

tio)nn (if �3.6 nn’si inn tine perfusion fluid caused

a mmtrkod reductionn of enzyme muctivity at

pH 6.9 ‘svhen compared with tine activity of
extracts from Isemirts p(rfus((l witin glucose

or ‘svitis mo mudded substrate. Thus tine ratio

hetweeni enuzvnnne mictivity at pH 6.9 amid at
pH .2 ‘s’s-as reduced fronn 0.29 without

sul)strate t(i 0.01 ‘svhsen tine hnoarts ‘sv(re

j)erfused ‘s’s-itin pyruvate. Tine relat ioinnshsip
bet’sveenn i)�’nuvate concenutrations inn tine

perfusions fluid ansd phospisofructokinnaunc ac-
tivity is summarized in Fig. 1. Irs tinese cx-
penimennts tise pH 6.9:8.2 phospinofructo)-

kiniase activity ratio is plotted as a fumnctionn
of p�rmsvmute co)nncemitrat i (inn . Pinospinofruct o-

kiniase activity at pH 8.2 ‘s’s-as mnot signili-
cminitlv clsannged, mind thuerefore tisese ratiois

signify only channges at pH 6.9. Figure 1
shuows a close relationssinip i)et’sveemn pyruvate

conncenstratio)ns inn the perfusions fluid and tine
decroase inn enzyme activity at pH 6.9. At

pyruvate co)nnccmstrmutions greater tinani 2.4
nn’sn, tine j)H 6.9:8.2 muctivity ratioi ‘s’s-as

virtually zoro.

1olloi’s’s-inng porfusions ‘sVitin glucose, emizyme

activity at i)O)th pH 6.9 and pH 8.2 (Table
1) ‘s’sas msot significantly differennt from that

follo’s’simsg porfusion ‘svitin no substrate ‘svisnn

ensdogenous glycogenu would have been a
source of emnorgy. P(rfusion of the hucarts

‘svitis j3-inydroxybutyrate or octannoate, as in

tine oase (if pyruvate, resulted inn nno cinannge

in enizyme activity at pH 8.2 and virtually
rio muctivity at 1)11 6.9. The effect of per-
fusion ‘sviths a(etatc ‘svas tested omu eight

separate homurts at conscenutrations fronu 1.2
to 7.2 mit. Vv7inile tine activity at pH 5.2

folbo’svimng perfusiomn ‘s’s-as nsot significantly

channged, the activity at pH 6.9 was reduced

but nnot to the same extenst as ‘s’s-ith pYruvmtte
and related substrates. Acetate at conncens-
tratiomns ransging from 2.5 to 7.2 nn�n in tine

perfusion fluid reduced the pH 6.9:8.2
activity ratio) to 0.13. Tisese oxpenimcnsts
inndicate that ‘sviseni tue heart ‘s’s-as depensdenut
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Phosphofructokinase activity in extracts from hearts perfused with different substrates

Guinea pig hearts were perfused with Krebs-bicarhonnate solution which coistained tine imsdicated

substrates. Preparation of heart extracts amid conditiomss for enzyme assays at pH 6.9 and at pH 8.2,
as well as otiser experimental proce(lures, are described under MATERnALS AND METHODS. Results are

expressed as units per gram, wet weight. When the nsumber of expenimenuts was three or more the stand-
and deviationi is showni, amid when the number of experiments was two the range is given.

Substrate Concentra- No. of cx- Phosphofructokinase activity
tion periments � � � - -

pH 6.9 J)H 8.2 pH 6.9:8.2

unils/g (we! wi)1)1.11

None 4 2.8 ± 0.4 9.8 ± 2.0 0.29

Glucose

Pynuvatea

10.0

4.8

3.6

2

1
3

4.4

(3.8-5.4)

6.6
0.4 ± 0.2

12.0

(11.0-13.0)

17.6
10.2 ± 2.2

0.37

1)38

0.03

I-Hvdrocvlitttyrate 4.8 2 0 17.0

(16.0-18.0)

0

Octanoate 1.3

1.8

2

2

0

()

14.0

(13.8-14.2)
15.2

(14 .6-15 .8)

0

0

Acetate 2.0
2.8

3.6

4.0

6.0

7.2

1
1

1

1

1

1

2.4
1.8

2.4

2.0

1.4

2.0

14.4
11.8

12.6

14.0

10.8

12.0

0.17
0.15

0.19

0.14

0.13

0.17
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For consl)lete data on l�riivate, see Fig. 1.

onn glucose �r glycogoii , pinospiuofructokinsase

activity ‘s’s-as inigh at pH 6.9. On the other

hanud, perfusion ‘svitis substrates ‘s’s-hicin are
oxidized througin the Krchs cycle without

the participations of pinosphofructokinsase
resulted inn low cnszyme activity at pH 6.9.

Effect of isol)rolerenol Ofl phosphofiucto-

kinase activity. It is ‘s’s-eli accepted that thne

catceholamines camu increase cardiac con-

tractility (9) annd (ann also stimulate glyco-
genolysis tisrough mnctivat ion of giycogen

phosphorylase. If tine Embden-Mcycrhof
path’svay is to conutnibute to erscrgy produc-

tion to support such an increase in cardiac
contractility, phosphnofruetokinase must mulso

be activated. The question tinenTi arose
‘s’s-hethcr innhibition of the emuzyme i)y per-

fusion with pyruvate could be antagonized
by isoproterenoi . Tine results summarized
in Fig. i illustrate the relationship between
pyruvate concentrations and pH 6.9 : 5.2

activity ratios ‘s’s-hen the perfusion fluid conn-
tainned 4 .nui isoproterenol. Perfusion ‘svith

tine catecholanuine did not cause any sig-
nnificannt cinange inn tho activity at pH 8.2.

Omn tine other inand, tine presennce of iso-

proterenso)l inn the perfusioms fluid anntagonizcd
pinosphofructokinnase inninibition due to per-

fusionu ‘s’s-ithn pyruvate. For example, at 1.35
m’si j)yruvate the pH 6.9:8.2 activity ratio)
‘s’s-as 0.07, while inn tine presence of the cate-
chnolanninse and tine same pyruvate concemi-
trationn tine ratio) ‘s’s-as inscreased to 0.35. The
presenuce of pyruvate at concentratiomns above
1 .35 m�t in tine perfusionn fluid caused a
marked reductions inn emnzyme activity at

pH 6.9 evenn inn the presence of isoproterennob
(Fig. 1). The specificity of the catecholaminse

effect onn pho&-phofructokinnase ‘s’s-as examinned
by replacimug the beta receptor agoinnist, iso-

proterenol, with the alp/ia receptor agomnist,
phnenylcpinnine. Perfusionn ‘svith PinomsYl-
ophnine, even at a (oncemstrationn of 400 �.un
(100 times the comucenutration of isoproterensol

used), produced nso (boteetabbe ch:snsge ins
enszyme activity.
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FIG. 1. Phosphofructokinase activity of ex-

tracts front hearts perfused with pyruvat(’ and

isoproterenol

Guinea pig hearts were perfused with Krebs-

bicarbonate solutio)ni conitaining the indicated
concentrations of pyruvate. Perfusion fluid for

the control (O-O ) oontmsinied nb isoproterenol,

while experiments carried out for the isopno-

terennol curve (�-�) contained a 4 �nn conicens-

trationi of the catecholamsiinse. Enzymsse activity is

expressed as the ratio between activity at pH 6.9

and activity at pH 8.2. Each point represents the

value obtained from one heart or the mean of
values obtained frons the miunsber of hemirts irsdi-

cated in parentheses; the vertical bars indicate

the standard deviatioini or the range when only

two values were obtained. Other experimental
conditions are described under MATERnALS AND

METHODS.

Citrate levels in hearts follou’ing perfusion

wit/n different substrates. Tine results re-
ported above show that perfusion of hearts
w-itii different substrates insfluences phos-
phofructokinase activity in heart extracts.

An attempt was subsequently made to de-
terminc the mechanism of such inhibitions.
A previous report from this laboratory
strongly suggested a ligand-mediated modi-

fication of the ennzyme (4). It is ‘s’s-eli kno’s’s-mn
that ATP and citrate inninibit phospho-
fructokinase, and it inas been postulated

that both may servo to regulate the enzyme
in vivo [for references, see revie’sv (10)].
Experiments performed to detcrminse ATP

levels in hearts perfused with various levels
of pyruvate annd glucose slno’sved, inn agree-

memnt ‘s’sith the results reported earlier by

Williamson (11), that the levels of tine ATP

did not vary appreciably. inn constrast,
tissue levels of citrate were increa.sed nuark-

edly follo’sving perfusion of the meant ‘s’s-ith
pyruvate (Fig. 2). For example, the citrate

contennt of hearts perfused with 4.8 nn�’sm
pyruvate ‘s’s-as increased approximately 22-

fold above the levels in hearts perfused
without pyruvatc. Figure 2 also shno’svs tisat

additionn of isoproterenol to tine pyruvate
perfusionn fluid resulted in a reductions in

citrate levels. Comparisons of tine results
presented inn Fig. 2 ‘svitin those in Fig. 1
reveals tisat perfusion comsditiorss wlniciu

led to low ennzyme activity at pH 6.9 also
resulted inn high levels of citrate inn thse

heart.

C/manges in allosteric k inetics of p/i os/)ho-

fructokinase folinwing /)C1fU.SWfl with differ-

ent substrates. The data presemnted ins Table 1
amnd Fig. 1 sho’sv that significant cisaniges inn
phnospinofructokiinase activity ‘svisi(hn result

from perfusion ‘svitin differennt SUi)strates cmiii

only be denuoisstrated at pH 6.9 amid mi(it at

0’

4)
S

4)

0’

4)

0

0

FIG. 2. Citrate content of hearts perfused with

pyruvate or with pyruvate and isoproterenol

Guinea pig hearts were perfused with Krebs-

bicarbonate solutioni containing the �)yrm,vate
concentrationis indicmtted omn the abs-issa. The

perfusion fluid contained either no isoproterein 1

(O-O ) or a 4 �znI (-onlo-entrationi (if tise (-ate-

choilminsmne (L�i-.A). Emtoh value was 01)! minted
fronn 0)1W heart. Other experirnentmul coniditionis,

includinsg the deternsiniationi of citrmite, are (IC-

scnibed under M.iTF:R1.iLS .iNI) MFTIB)liS.
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FIG. 3. Effect of friu-tose-6-P co)o(’entration on phosphofructokinase activity in extracts fromio l(ear(.s

perfused with either glucose or pyruvate

Guiniemu l)ig hearts were perfused with Krebs-bicarboniate solutions containiing either 4.8 nn’sm glucose

(L�-z�) or 4.8 nut I)�ruvate (O-------O). Heart extrao-ts were prepared followinig perfusions for 1 hn,
and pisosphofructokiniase activity was assayed at pH 8.2 as described unider ‘sn.iTi:Rm.u�s AND MF:Tnlom)s.

Assays at 1)11 7.3 were (-arrie(l oiut inn a reactioni nsixture idenitical with that described ins Table 2 except

tisat the conso-emstratio)ni of ATP i’s-mis fixed at 0.45 nsi� and the cono-enstrationi o)f fructose-fl-P was varied

fromi 0.1 to 3 mn’st. Other experimental (-(insditionss are (lescrii)ed unndcn- MATLImmALS AND .METHODS.
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pH 5.2. Tinese fimidimngs coincide ‘svitii tine
fact that ailosteric kinetics of the enzyme
cani be observed mit pH 69 and not nut pH 8.2.

Tine inypotinesis tinat thncse cinannges inn enzyme

activity may he dine to a change ins the

allosteric kinetics of tine enszyme ‘s’s-as cx-
amused. Kinetics of tine ennzyme ‘s’s-as tested
at pH 7.3 ratiner thamn pH 6.9. This pH ‘s’s-as
preferred because the enzyme is higinly semssi-
tive to ATP ininibitionn at pH 6.9. More-
over, titration curves for fructose-6-P ‘s’s-crc
ol)tmuinied more easily at pH 7.3 tinans at
pH 6.9. The results illustrated inn Fig. 3
sho’sv that the affinity of phosphofructo-

kinsase for fructose-6-P at pH 7.3 ‘s’s-as re-
duced ins extracts from hearts perfused
‘svitin PYruvate ‘svhenn compared to extracts
from glucose-perfused hearts. Tine apparent

Km values were 0.65 m�m amnd 0.11 m�n,
respectively. Figure 4 sino’svs mu titration

curve for fructose-6-P of pisospino)fruct�ki-
nsa.se activity inn extracts from inoarts per-

fused ‘svitis pyruvate, compared ‘svith that
fronn hnemirts perfused ‘svitin pyruvate ansd
isoproterennol. Tine results show t hat ‘svisenn

tine catecholaminne ‘s’s-misincluded in the per-

fusiomn fluid thno K�4 for fructose-fl-P ‘s’s-mis

2

Fructose-6-Phosphote (mM)

FIG. 4. Effect of isoproterenol on apparent K,�

f or friu-tose-6-P of phosphofructokina.se in extract-s

f root hearts perfused with pyruvate

Guinea pig hearts were perfused with Krebs-

l)i(-arbonnate solutiomi (-((nItainiimlg 1 .2 nsnn I�’ruvate

either without (O-O) (in %�-it1s 4 MM isoprotere-

mini (L�-�n). F:nizynne assays and other expeni-

nnenital consditionis were the same as in Fig. 3.

signnifIcanntly reducod ansd tine sinape of the

titration curvo ‘svas elsainged from sigmoid
to iny�)erb(ilie.

Phospiuo ifructoki nnase ins extracts from



Glucose perfusion

PH 7.3 � pFm
activity � 7.3:8.2

� unils/g
(wet WI)

1

2

mM

0.006

0.012

0 . 036

0.072
0.143

0.006

0.012

0.014

0.036

0.072

0.143

4.26

7.46

6.92
6.66

2.66

4.42
6.38

6 -12

0 -23
0.40
0.37
0.36

0.18

0.31

0.44

0.43

0.70

1.28
1.18

1.18

0.32

0.07
0.13

0.12

0.12

0.03
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T;�nn�n; 2

Effect of perfusion of guinea pig hearts wit/n pyru-

vate on sensitivity of phosphofr itetok iota-se to

inhibition by A’I’P

Guninea pig hearts were perfused witin Knebs-

bicarbonate solution conttainiinig either 4.75 mM

glucose or 4.75 nn’si pynuvate. Heart extracts were
prepared following perfusi�nt for 1 hr, and phos-

phofructokinase ao-tivity was assayed 1)0th at

pH 7.3 mind at 1)11 8.2. Assays at p11 7.3 were (ar-

ned out in a reaction mixture identical with that
described uni(Ier ‘snATF:loruns .�N1) .‘snF;Tnn()I)s for

assays at pH 6.9, ex-ept that the insidazole
buffer was at pH 7.3 aniol -�-clic A�uIP was not in-

eluded. Inn the assays at p11 7.3 the fructose-6-P

cono-enitrationi wmis fixed at 0.8 n�’sn anm(I the ATP

co)ncenitration was vanie(I fn-onn 0.012 to) 0.143

flsM . Other exoerimnenital (-((nI(litionIs for pre�)ara-

tion of extracts mund for assay at pIT 8.2 are de-
scnibcd ummsder ‘sLuTF:Rm�u1s .iNI) METHODS. 1nizvniie

activity at pH 8.2 inn expcrinscnit 1 was 18.4 mnniits/g

following perfusioni witis gluco)se and 13.8 uniits/g
following perfusioni with pyruvate, munid inn cx-

perimenit 2 it was 14.4 minol 9.8 uniits/g, nespe(--
tively.

Expt . ATP Phosphofructokinase activity

Pyruvate perfusion

p’1 7.3 p!tm
activity 7.3:8.2

units/g

(u-el a’!)

1.91) 0.14

2.78 0.20

4.10 0.30

0.86 0.06
0.54 0.04

hearts perfused ‘s’sith pyruvate ‘svas sho’s’s-nn

to be more sensitive to ATP innhibitionn tinans
that from hearts perfused with glucose.
The results summarized in Table 2 sho’s’s-
that although ATP at conncemntrations ramng-
ing from 0.073 to 0.143 nrnn caused rio inn-
hibition of the ennzyme in glucose-perfused

heart extracts, marked inhibitions of the

enzyme from pyruvate-perfused hearts ‘s’s-as

observed.

DISCUSSION

The experiments reported inn this �mii�tr
indicate that at pH 6.9 plnosphnofruotokinmase
activity of the hneart was mmirkedlv n-mduood
follo’svinng perfusions ‘svitin substrates that

cain be oxidized througis tine Kr(1)s oyole

‘s’s-itmont imnvobvemennt ( if pi5O5�)i i ( ifri uto i-

kinsase. Inn contrast, total phosphofruet iki-
nmise muctivity ‘svas nnot sigmuiuicamutby mtlI(-ot((l.
Of tinis group of substrmutes, li�rIiu’mtt,

13-hy(lroixybutyrato, anud octannoate were t he

nnnoist po)tcnit. Acotmute, onu tine otiser isanl(I,

fmuibo�l to) cmsuse complete innhibitionu evemn at

(omssidorablv hsiginor conncemst rations . lises(
offects on pinospinofructokinnase could i�0sscss

some physiOlogi(al importansce a-� a nuecisa-
nuisnn to co)niserve glycogenn ‘svisen anssj)l( sup-

plies of fatty acids amid PYnlivate are avail-

ab)le to tine meant. rfhnuS t15( availmui)ilitv of

ensergy from aerobic nuetabolism less(nus the
demand for ennergy derived fronn glycolysis.
Previous inivestigatiorns of metals ilisns inn

tine perfused mammalians ineart sin(i’sv(d that
glucose oxidatiomu ‘s’s-misdecremtsed ‘svhuenn fatty

acids wer( made muvailmiblo to) tin( organu

( 12). ior example, porfusionu of tis( inemtrt

‘svitiu acetate or j�ruvmite ‘s’s-as reported to

reduce glucose oxidations by SO � and to

cause mu consconiitmunnt decromuse ins glycogens

utilizationn (11). A similmir effect ‘s’smus re-

ported follo’svinng perfusio)nu of the rat heart.

‘svitiu �3-in�-drox�-but�-rate oir octannomute (12).
Tine finding that perfusion of the ineart

‘s’s-ithn acetate resulted inn oinnly pmurtial in-
hihition of pinospiuofructokinsase nnumiy be inn-
terpreted ins the light of results reported by

Randle et al (13) and Williamsonn (1 1).
In tinese expenimeints perfusiomn of tise rat
heart with acetate caused a decrease in

gbycolysis ansd a concomitanut increase inn the

levels of citrate and A1\1P (13). The fact
tinat citrate is a phosphofructokinnase in-
hibitor ‘svhile AMP is ann activatoir max- eX-

plain partial innhibitionn of the enizynsm fol-

lo’svimng perfusion ��-ith acetate. Perfusiomn ‘svith
pyruvate, on the other huannd, altinougin in-

creasing the level of citrate (see above),

did not appear to affect tine levels of AMP
in tine heart (ii).

Tine changes inn phosphofructokinnase ac-
tivity ‘svisichn occurred at a pH mnear nn(u-
trmtlitv amid nnot mit pH 5.2 suggest mini effect

onn tine tertiary structure oif tine enzvnw.
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Conformational changes of the enzyme are
known to occur at neutral pH and not at
pH 8.2. TIne changes reported above appear

to be analogous to those ‘s’s-c reported pre-

viously on activation of skeletal muscle
phosphofructokinase follo’s’s-ing cpinephnine
administration (4). The effect in both cases
could be explained on the basis of enzyme

modificationn by different substrates (4).
Incubation of purified phosphofructokinase
with different substrates was reported pre-

viouslv to result in a change in the kinetics
of the eiszyme at pH 7.3. The results sum-
manized in Table 2 and Figs. 3 and 4 sho’s’s-

an increase inn the Km for fructose-fl-P as
well as ann increase in the sensitivity of the

ernzyme to ATP inhibition following per-
fusion with pyruvate. Both effects point
to a change in tine ailostenic kinetics of

phuosphofructokinase.
Results from hearts perfused withn pyr-

uvate shno’sved that addition of isoproterenol

to the perfusionn fluid antagonized the
pyruvate-induced inhibition of phospho-
fructokinnase. Enzyme “activation” by iso-

proterenol ‘sva.s sho’s’s-n also to reverse ki-

netic chansges caused by perfusion ��-ith
pyruvate. Tinus the catecholamirue caused
a reductiomn inn the apparent Km for fructose-
6-P. These effects are similar to those ‘s’s-c

reported before on skeletal muscle pinos-
phofructokinnase follo’s’s-ing cpinephnine ad-
ministrations (4). We proposed that tine

effect of tine catechnolamimne onn skeletal
muscle enzyme was due to modificationn of
tine enzyme to a form that is more active
under our assay conditions. Such modifi-
cationn appears to he mediated through a

combinnations of hexose phosphates (fructose-

6-P, fructose-i , 6-P2) aind adensylate nuu-
cleotides (AMP, A1)P) (4) ; tine levels of

thuese substances inn tine heart ‘s’s-crc reported
to be increased by epinephnine (3). A similar
explansation for tine effect of isoproterenol
onn the heart enzyme canu also be postulated.

It is recognized lucre that perfusion ‘svith
pyruvate and other substrates could result

in a considerable chamuge ins the instracellular
levels of different cellular metabolites. It
iS nnote’s’s-orthy that an imncrease inn citrate

level inn tine heart ‘s’s-as founud to coinucide
‘s’s-ithu a decrease inn enszyme activity at 1)11

6.9 follo’sving perfusionn ‘s’sith pyruvate.

These results suggest that the substrate
responsible for tertiary modification of
phosphofructokinase is citrate. Further

support for such a hypothesis is the close
relationship bet’s’s-een activation of phos-
phofructokinase follo’s’sing perfusion with

isoproterenol and the decrease in heart cit-
rate levels. Such an interpretation is con-
sistent ‘svith previous evidence that citrate

is a regulator of phosphofructokinase (14,
15).

Tin the experiments described above as
well as in those ‘s’s-c reported before in con-
nection with the effect of epinephrine on

skeletal muscle ennzyme (4), it was essential

to prepare muscle extracts in the presence
of caffeine inn order to sho’sv the differences in
phosphofructokimnase activity between con-

trol and experimental samples. We postu-
lated (4) that the purine derivative, like
ATP, bhnds to the allostenic sites ‘s’s-hen they
are mnot occupied by one of the activators,
and consequently innhibit.s the enzyme. Such
a hypothesis is supported by tine results

reported by Kemp and Krebs (16), ‘s’s-ho

sho’sved that caffeine competes with cyclic
AMP for the allostenic sites on phospho-
fructokinnase. We assume tinat caffeine does

not bind to phosphofructokinase, which
has activators such as cyclic AMP amid the

hexose pinospluates bounnd to these sites.
Thnus nuore of the phuospinofructokinase from
hearts perfused ‘svitln glucose or depenndent
oh emndogenous glycogenn ‘svas present ins the
active conformation, i.e., ‘s’s-ith activators
attached to ahlosteric sites; this form was
protected mugainst inisihitionn by caffeine
during homogenizations. On tine other hand,

enzyme inn extracts from inearts perfused

witin pyruvate or related substrates ‘s’s-as in

tine inhibited conformationn, i.e., ‘s’s-ith ATP
or oitrate mittmscined to allostenie sites. The

enzyme ins tine first fornn followinng prepara-
taims of tine meant extracts with caffeinne ‘s’s-ill
appear more active tiuann tine latter under
assay comuditiomus ‘svhiicin are optimal for
allosteric kinetics. This interpretation is
supported by our previous experiments
(4) on tine modificationn of purified pinospho-
fructokimnase followimsg incuhationn ‘svitin var-
ious effector metabolites. For example, in-
cubationu of tine pure �nuzyme ‘svitin cyclic

AJ\IP,5’-AMP, fructose-G-P, or fructose-
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1 , 6-P2 resulted in modification of the enzyme

to a form that was less sensitive to inhibi-

tion by caffeine and by ATP than the conn-

trol enzyme. Modification of phosphofructo-
kinase under these conditions ‘s’s-as observed

even though the enzyme during the assay

was in an environment that does not have
the metabolite modifier.
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