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SUMMARY

This paper describes the kinetics of phosphofructokinase from the liver fluke Fasciota

hepatica. Activation of the enzyme was accompanied by a marked increase in its affinity

for both fructose-6-P and ATP. Results with the activated enzyme showed that each of
the three ligands (fructose-6-P, ATP and cyclic 3’,5’-AMP) could alter the saturation

function of the other. The enzyme was strongly inhibited by ATP in the presence of

low fructose-6-P concentrations. Both cyclic 3’,S’-AMP and fructose-6-P could increase

the concentrations of ATP required to produce 50% inhibition. Possible interaction

among the substrates and the effector ligands on the enzyme was considered in terms of
the Monod-Changeux-Wyman model for allosteric proteins. Saturation curves for fruc-
tose-6-P indicated cooperative homotropic interactions between multiple binding sites
for this substrate. ATP at high concentration increased the homotropic interactions
while cyclic 3’,S’-AMP had the opposite effect. The saturation function of cyclic 3’,S’-
AMP was also shown to be influenced by both enzyme substrates. Fructose-6-P at high
concentration caused a decrease in the half-saturation point for cyclic 3’,5’-AMP while
ATP had the opposite effect. Saturation curves for Mg�� were also altered by a change
in concentration of fructose-6-P, ATP or cyclic 3’,S’-AMP. The possible role of these
kinetic properties on the fine regulation of activated phosphofructokinase was discussed.

INTRODUCTION

Phosphofructokinase isolated from the
liver fluke Fasciola hepatica was essentially

inactive when assayed under a variety of
conditions (1-3). Experiments reported in
the preceding paper (1) demonstrated that
a partially purified preparation of this en-
zyme can be activated by incubation with
cyclic 3’,5’-AMP2 and a thermostable frac-

tion containing adenine nucleotides, Mg�,
and inorganic phosphate. In the present

paper the effect of varying the concentra-

tions of fructose-6-P and ATP on the ac-
tivity of phosphofructokinase before and

1 Present address: Cardiovascular Research In-
stitute, University of California School of Medi-

cine, San Francisco, California 94122.
‘The following abbreviation is used: cyclic

3’,5’-AMP, adenosine 3’,5’-phosphate.

after activation was investigated. In addi-
tion, studies were carried out with the
activated enzyme to determine possible
kinetic interactions between the substrate,
fructose-6-P, the inhibitor, ATP, and the

activator, cyclic 3’,S’-AMP. These kinetic
results will be discussed in terms of the
Monod, Changeux, and Wyman model for

allosteric enzymes (4, 5).

MATERIALS AND METHODS

Activation and assay of phosphofructo-

kirta,se activity. Inactive phosphofructokin-
ase was isolated from liver fluke homog-

enates by differential centrifugation as
described previously (1). The sedimented
material collected between 80,000 g and
150,000 g (150-sediment fraction) was
used for all experiments reported below.
The 150-sediment enzyme was activated as
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described before (1) : Activation mixtures
containing 0.02 ml 150-sediment, 0.065 ml

thermostable fraction, and 1Q� r�i cyclic
3’,5’-AMP in a final volume of 0.10 ml
were incubated for 12 mm at 30#{176}.In some
experiments for activation of phosphofruc-
tokinase the thermostable fraction was re-
placed by a nucleotide-Mg�-inorganic

phosphate mixture of similar composition:
potassium glycylglycine buffer, 50 m�,
pH 7.5 ; ATP, 3.6 m�i ; ADP, 3.5 m�i;
AMP, 2.1 mM ; MgCl,, 8 m� ; and KH,P04,
6.9 m�. Activation of 150-sediment phos-
phofructokinase by the nucleotide�Mg�t�
inorganic phosphate mixture was indistin-

guishable from that produced by the
thermostable fraction. Following phospho-

fructokinase activation, aliquots of the
activation mixture were diluted and as-
sayed spectrophotometrically for phospho-

fructokinase activity. Methods for enzyme
dilution and assay (procedure B) were
described before (1). The 150-sediment was

diluted 500-1000 times in the final assay
reaction mixture.

In the results reported below, the term

“inactive phosphofructokinase” refers to
the enzyme as isolated in the 150-sediment
without activation. The term “inactive” is

used here in the sense that enzyme activity
could be measured only in the presence of
extremely high concentrations of both sub-

strates. The term “activated phosphofruc-
tokinase” refers to the enzyme after incu-
bation with cyclic 3’,S’-AMP and other
required components for activation as

described above.
Since the usual Michaelis-Menten form-

ulation could not be applied to the kinetics
described below, the affinity of the enzyme

for its substrate as well as other ligands
was calculated from linear plots as the
concentration required for 50% of the max-

imal observed velocity. This concentration
is referred to as the half-saturation point.

RESULTS

Effect of Fructose-6-P Concentration on

Phosp1wfructokinii�e Activity

Experiments were carried out to deter-

mine the effect of substrate concen-

tration on the inactive and activated forms
of the enzyme (see under Materials and
Methods). Typical fructose-6-P saturation

curves are shown in Fig. 1. In this experi-
ment, the concentration of ATP was 0.6
mM and the ATP/Mg� ratio was held

constant at 1. The saturation curve for the
activated form of the enzyme had a sig-

moidal shape, while the curve for the in-
active enzyme showed a more gradual,

linear increase in activity with increasing
fructose-6-P concentration. At 10 m�i
fructose-6-P, a concentration sufficient to

saturate the activated enzyme, the inactive
enzyme showed only one-fifth the activity
of the activated enzyme. Even at fructose-
6-P concentrations as high as 30 mM, the
activity of the inactive enzyme was signif-

icantly less than that of the activated
enzyme. The concentration of fructose-6-P
required for half saturation of the enzyme

was 3.8 msI for the activated enzyme and
13 m�i for the inactive enzyme. These
results indicated that activation of liver

fluke phosphofructokinase caused an in-
crease in both the Vmax and the affinity of

the enzyme for fructose-6-P.
Since previous experiments had demon-

strated that the inactive enzyme could be
activated by high concentrations of in-
organic polyvalent anions added directly
to the assay reaction mixture, it seemed

possible that the activity displayed by the
“inactive” enzyme in the presence of fruc-
tose-6-P concentrations as high as 30 m�
might be due to an effect of this poly-

valent anion on the enzyme rather than to
a kinetic property of the inactive enzyme
itself. However, no evidence to support this
hypothesis has been found. Addition of

closely related compounds such as in-
organic phosphate or glucose-6-P to the
assay reaction mixture in concentrations up
to 20 m� did not alter the fructose-6-P
saturation curve of the inactive enzyme. If
fructose-6-P at high concentrations was

increasing enzyme activity because of its
anionic property, closely related com-
pounds might be expected to mimic its

action resulting in a reduction in the fruc-
tose-6-P concentration required for half-
saturation of the enzyme.
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Fia. 1. Effect of fructose-S-P concentration on liver fluke phosphofructokinase

Enzyme activation and assay were carried out as described under Materials and Methods. ATP

concentration in the assay mixture was 0.6 mM; ATP/Mg�� ratio was maintained at 1. Fructose-6-P

concentrations ranged from 0 to 30 m�. The enzyme was assayed before (inactive) and after (ac-

tivated) activation.

Effect of ATP Concentration on Phospho-

fructokincise Activity

The saturation curves for the other sub-

strate, ATP, are given in Fig. 2. When
assayed at a fructose-6-P concentration of
2 m�, the activated enzyme showed maxi-

ma! activity at approximately 0.1 mM

ATP (Fig. 2a). At higher concentrations
of ATP the enzyme was inhibited. At an
ATP concentration of 2 m�x the enzyme

activity was reduced to approximately 5%

of the maximal activity. In order to meas-
ure the kinetics of the inactive enzyme
with respect to ATP, it was found neces-

sary to use fructose-6-P concentrations as
high as 20 m� (10 times the concentration
used for the activated enzyme). In the
presence of such high concentrations of
fructose-6-P, the ATP saturation curve for

the inactive enzyme closely resembled that
for the activated enzyme (Fig. 2b). Under
these conditions, the inactive enzyme dis-

played maximal activity at an ATP con-
centration of 0.5 m�. The concentration of
ATP required for half-saturation occurred

at 0.084 m� ATP which was significantly

greater than that for half-saturation of the

activated enzyme (0.016 mM). At con-

centrations of ATP higher than 0.5 m�

the inactive enzyme was inhibited signifi-

cantly. Thus, phosphofructokinase was
found to be sensitive to ATP inhibition

both before and after activation.
The effect of cyclic 3’,S’-AMP was tested

on both forms of the enzyme at different

concentrations of ATP. In the presence of
0.1 m� cyclic 3’,5’-AMP the Vn,ax for both
forms of the enzyme was increased and

inhibition by ATP was relieved (Fig. 2a,b).
The concentration of ATP required to
produce 50% inhibition of the activated

enzyme was increased from 0.48 m� in the
absence of cyclic 3’,S’-AMP to 0.93 m�

in the presence of the cyclic nucleotide. The
concentration of ATP necessary to produce
50% inhibition in the case of the inactive

enzyme was increased from 7.0 m� to 9.3
mM in the presence of cyclic 3’,S’-AMP.
The cyclic adenylic nucleotide, however,
did not change significantly the saturation
curves at low concentrations of ATP with
either form of the enzyme.

Other compounds were tested for their
ability to relieve ATP inhibition of the
activated enzyme. 5’-AMP in a concen-

tration of 0.1 m� was found to be as
effective as cyclic 3’,5’-AMP. Neither
ADP nor inorganic phosphate (potassium
salt) was effective in relieving ATP inhibi-

tion of the liver fluke enzyme when tested
at a concentration of 0.1 m�.
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Fio. 2. Effect of ATP concentration on liver fluke phosphofructokinase (PFK) in the presence and

absence of cyclic 3’,5’-AMP

The enzyme was assayed after (a, activated) and before (b, inactive) activation. Enzyme activa-

tion and assay were carried out as described under Materials and Methods, except that the nucleo-

tide-Mg�4-phosphate mixture contained no ATP and no AMP. Fnuctose-6-P concentration in the
assay mixture � 20 m� for the inactive enzyme and 2 m� for the activated enzyme. ATP con-
centrations ranged from 0 to 5 mi’.r. The ATP/Mg� ratio was maintained at 1. Where indicated

(\‘CIiC 3’S-AMP was added to the assay reaction mixture in a final concentration of 0.1 mM.

Enz y ine-Substrate-Effector Interactions

The fact that the saturation curve for

fructose-6-P was not hyperbolic as well as

the observed relief of ATP inhibition by

cyclic 3’,5’-A1\IP suggested possible inter-
actions among the three ligands. In order
to investigate this phenomenon more ex-

tensively, studies were carried out to deter-
mine the effect on the activated enzyme of
varying concentrations of fructose-6-P,
ATP, and cyclic 3’,5’-AMP. These results

are summarized in Figs. 3 through 7. The
effect of cyclic 3’,5’-A1\IP and ATP on the

saturation function for fructose-6-P is

given in Fig. 3. At a noninhibitory con-

centration of ATP (0.1 mM), the satura-
tion curve for fructose-6-P was not hyper-

bolic in shape, indicating that the kinetics
are not of the Michaelis-i\’Ienten type. The
half-saturation point occurred at a fruc-

tose-6-P concentration of 2.8 m�. In the
presence of 1.0 m� cyclic 3’,S’-AMP, a

concentration which is near saturation, the

rate-concentration curve for fructose-6-P

was hyperbolic in shape. The concentration

of fructose-6-P required for half-saturation
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Fia. 3. Effect of cyclic 3’,#{246}’-AMP and ATP on time saturation function for fructose-S-P

Enzyme activation and assay were carried out as described under Materials and Methods. The
ATP concentrations are indicated on the curves. The ATP/Mg�� ratio was maintained at 1. Where

indicated, cyclic 3’,5’-AMP was added to the assay reaction mixture in a final concentration of 1
mni. Fructose-6-P in the assay mixture was varied from 0 to 20 mM.
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of the enzyme was reduced nearly 10-fold
to 0.3 m�. Increasing the ATP concen-

tration to 5 m� resulted in a sigmoidal
fructose-6-P saturation curve. At this

inhibitory level of ATP the concentration

of fructose-6-P required for half-saturation

of the enzyme was increased to 8.6 mM.
Neither cyclic 3’,S’-AMP, nor ATP, caused
a significant change in the maximum veloc-

ity of the reaction; only the half-satura-

tion point for fructose-6-P was altered.
The altered shape of the fructose-6-P

saturation curve in the presence of an

effector indicated a change in the inter-
actions among several binding sites for
fructose-6-P on the enzyme, or, in the
terminology of Monod et cii. (5), in the
“cooperative homotropic interactions” of

fructose-6-P. ATP, in inhibitory concen-
trations increases the cooperative homo-
tropic interactions, while cyclic 3’,5’-AMP

tends to reduce them. The degree of co-

operation of the several binding sites for
fructose-6-P under different conditions may

be estimated by the use of the Hill equa-
tion for oxygen binding by hemoglobin.
(6). This equation can be expressed in the
following form:

log � = ii. log S - log � (1)

where S is substrate (fructose-6-P) con-
centration, K is a constant, and n stands
for the power of the substrate concen-

tration (4). The maximum velocity ob-
served experimentally was taken as Vn,ax.

If the logarithm of v/(Vn,ax-v) is plotted
against the logarithm of the substrate con-

centration, the slope of the curve gives an
estimate of n. An increase in the value for
m can mean an increase in the interaction

of the catalytic sites. In Fig. 4, the data
from Fig. 3 have been plotted according to

the Hill equation. In the presence of 0.1
mM ATP, n increased from a value of ap-

proximately 1 at low fructose-6-P con-
centrations, to 2.45 at near saturating fruc-
tose-6-P concentrations. This indicates that
the binding of one molecule of fructose-6-P

to the enzyme increased the affinity for the
next molecule. In the presence of either
cyclic 3’,S’-AMP or inhibitory concentra-

tions of ATP, straight-line plots were
obtained. In the presence of cyclic 3’,5’-
AMP, n had a value of 1.4 indicating a
decrease in the cooperative interaction
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FIG. 4. Dependence of the

ence and absence of effectors

The data from Fig. 3 are plotted according to Eq. (1) (8ee text).
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FIG. 5. Effect of fructose-U-P coitcentration on the sniuration function for A TV

Enzyme activation and assay were carried out as described under Materials and Methods except

that the nucleotide-Mg��-phosphate mixture contained no ATP and no AMP. ATP concentration

in the assay mixture ranged from 0 to 2 mM; the ATP/Mg�� ratio was maintained at 1. The fruc-
tose-6-P (F-6-P) concentrations are indicated on the curves. The arrows mark the concentration of

ATP required for 50% inhibition of the enzyme.
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FIG. 6. Effect of fructose-C-P concentration on the saturation function for cyclic 3’,o’-AMP
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Enzyme activation and assay were carried out as described under Materials and Methods. Cyclic

3’,5’-AMP in concentrations ranging from 0 to 2 m� was included in the assay reaction mixture. ATP

concentration was 1 mM; ATP/Mg� ratio was maintained at 1. The fructose-6-P (F-6-P) concen-

trations are indicated on the curves.

between substrate binding sites at high
concentrations of fructose-6-P. At inhibi-

tory levels of ATP (5 m�i), n had a value
of 2.2 indicating an increased interaction
between fructose-6-P binding sites at low
concentrations of fructose-6-P.

In Fig. 5 the effect of fructose-6-P con-

centration on the saturation curve for ATP

is given. While fructose-6-P had only a
slight effect on the concentration of ATP
required for half-saturation, it caused a

significant increase in its 50% inhibitory
concentration. An increase in the concen-

tration of fructose-6-P from 2 m�r to 6
m�i caused a 4-fold increase in the 50%
inhibitory concentration of ATP (Fig. 5).

Thus. fructose-6-P had an effect on the

saturation curve for ATP similar to that

of cyclic 3’,S’-AMP shown in Fig. 2.
Finally, the saturation function of cyclic

3’,S’-AMP was found to be influenced by

both substrates, fructose-6-P and ATP. In
Fig. 6 the effect of increasing fructose-6-P

concentration on the saturation curves for

cyclic 3’,5’-AMP is shown to have two

effects: the shape of the curve approached
a hyperbola and the half-saturation point

was displaced to lower concentrations of
cyclic 3’,S’-AMP. The results summarized

in Fig. 7 show that increasing the concen-

tration of ATP from 1 m� to 10 m� in-
creased the concentration of cyclic 3’,5’-
AMP required for half-saturation. Levels

of ATP which were not inhibitory had
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Enzyme activation and assay were carried out as described under Materials and Methods except
that the nucleotide-Mg�-pliosphate mixture contained no ATP and no AMP. Cyclic 3’,S’-AMP in

concentrations ranging from 0 to 2 m� was included in the assay reaction mixture. Fructose-6-P

concentration was 10 mM (saturating). The ATP concentrations are indicated on the curves. The

ATP/Mg� ratio was maintained at 1.

little effect on the saturation function for

cyclic 3’,5’-AMP.
In the above studies, a constant

ATP/Mg�� ratio of 1 was maintained. In

order to determine the effect of Mg� con-
centration on the enzyme activity, experi-

mnents were carried out in which the ATP
concentration was held constant and the

Mg� concentration varied. Because of the
presence of Mg� in the enzyme prepa-

ration after activation, the lowest concen-

tration of this cation which could be
studied was 0.04 nmt (the amount carried
over from the activation step to the assay

reaction mixture). In the presence of 2
mM fructose-6-P and 0.2 m� ATP, maxi-
mal enzyme activity occurred at a Mg�
concentration of 2 mM and a Mg�/ATP
ratio of 10 (Fig. 8, control). An increase in

the fructose-6-P concentration or the ad-
dition of cyclic 3’,S’-AMP to the assay
reaction mixture resulted in an increase in

the Vrnax of the enzyme reaction as we!! as

a decrease in the concentration of Mg�
required for half-saturation (from 0.3 m�i

for the control condition to approximately
0.1 mM with 4 m�i fructose-6-P and 0.06
mM in the presence of cyclic 3’,S’-AMP).
At higher levels of ATP (1 mM) the shape

of the saturation curve for Mg� became

nonhyperbolic with a lower slope. The
point of half-saturation was increased to
2 m� Mg�; however maximal enzyme
activity still occurred at a Mg��ATP

ratio of 10.

DISCUSSION

The kinetic effects described above for

the activated liver fluke phosphofructo-

kinase can well be explained by the Monod
et cii. model (4, 5). Each of the three
ligands (fructose-6-P, ATP, and cyclic
3’,5’-AMP) could alter the saturation curve
of the other. The saturation curve for fruc-
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FIG. 8. Effect of Mg� concentration on timer fluke phosphofructokinase

Enzyme activation and assay were carried out as described under Materials and Methods except

that the nucleotide-Mg��-phosphate mixture contained no ATP and no AMP. Mg� concentration
ranged from 0.04 to 10 m�m. For the control condition, the activated enzyme was assayed at 2 mM

fructose-6-P and 02 m�m ATP. The enzyme was also assayed at 4 m�i fructose-6-P (F-6-P), 1 mM
ATP, and in the presence of 1 m�m cyclic 3’,5-AMP (C-AMP), as indicated on the appropriats�

curves.

tose-6-P was sigmoidal (Fig. 3) suggest-

ing that more than one fructose-6-P mole-

cule per enzyme molecule participated in

the reaction. Furthermore, the affinity of
the enzyme for fructose-6-P was markedly

altered in the presence of cyclic 3’,5’-AMP

or inhibitory levels of ATP. The “degree
of cooperation” of different binding sites
for fructose-6-P on the enzyme was further

illustrated when the saturation curves were

plotted according to the Hill equation

(Fig. 4). These plots gave n values which
varied from 1 to 2.45. ATP at high con-
centration increased the homotropic inter-
actions as judged by the high n value for
the Hill slope, and cyclic 3’,5’-AMP had

the opposite effect (Fig. 4). Similar results

were reported with other enzymes with al-

losteric binding sites (5). According to

Monod et al. (5) two types of allosteric

systems may be distinguished by measure-

ments of V,,,,� and apparent affinity eon-

stants. The liver fluke enzyme appears to
obey the “K system” since the presence of

an effector (cyclic 3’,5’-A�v1P or ATP in
inhibitory concentrations) modified the
apparent affinity of the protein for fruc-

tose-6-P without altering the V,,,,� (Fig. 3)

as would be expected in a “V system.”
The data reported above indicate that

saturation curves for the cationic cofactor

of liver fluke phosphofructokinase, Mg�,

are influenced by ATP, fructose-6-P, and
cyclic 3’,5’-Ms’IP. In the presence of low
fructose-6-P concentrations and inhibitory
levels of ATP, the curve was close to a
straight line. With increase in the concen-

tration of fructose-6-P, decrease in the inhi-
bitory level of ATP, or addition of cyclic

3’,5’-AMP, the curves approached an

hyperbola. Similar experiments on the
kinetics for Mg� have recently been de-
scribed for the transferase I kinase which
converts the glucose-6-P independent form
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of (UDPG : a-i ,4-glucan a-4-glucosyl)
transferase to the dependent form (7) . Like
phosphofructokinase, this enzyme is acti-
vated by cyclic 3’,5’-AMP. The cyclic

adenylic nucleotide was shown also to
cause a decrease in the concentration of

Mg�� required for half saturation. How-
ever, in contrast to the phosphofructo-

kinase system, cyclic 3’,S’-AMP did not
appreciably alter the shape of the Mg�

saturation curve of the transferase I
kinase ; only the affinity of the enzyme for
Mg� appears to be altered.

The similarities between the kinetic
properties of the liver fluke phosphofructo-

kinase and those from mammalian sources
have been previously emphasized (8, 9).

Relief of ATP inhibition by cyclic 3’,S’-
AMP and 5’-AMP, as well as by ADP
and inorganic phosphate has been observed
for phosphofructokinase isolated from
guinea pig heart (8), brain (9) and rabbit
muscle (10). In contrast to the enzyme

from mammalian tissues and from the liver
fluke, ATP inhibition of phosphofructo-
kinase from both yeast (11) and Escheri-

chia coli (12) is relieved by AMP, but not
by cyclic 3’,S-’-AMP. This specificity is
particularly striking since E. coli can

synthesize cyclic 3’,5’-AMP (13), but yeast
apparently cannot (11). Cyclic 3’,S’-AMP

is synthesized by the liver fluke (14) as
well as several mammalian tissues (15).
As far as the fluke is concerned, it appears

that while cyclic 3’,5’-AMP seems to be
essential for the conversion of inactive to
active phosphofructokinase and cannot be
replaced by 5’-AMP (1), both nucleotides

can relieve the enzyme from ATP inhi-

bition.
The results reported in this paper as we!!

as in the preceding paper (1) clearly show

that phosphofructokinase is endowed with
two main mechanisms for its control. The
first is through conversion of an inactive

enzyme to an active one. The inactive
enzyme has an extremely low affinity for
the substrates while the activated enzyme
has a greater affinity. Thus, the inactive
enzyme is “inactive” only in the sense that

extremely high (and presumably unphysio-
logical) levels of both substrates are re-

quired for activity. The second mechanism
is through allosteric regulation of the

activated enzyme. Thus, regulation of
phosphofructokinase in the liver fluke
ranges from complete absence of enzyme

activity in the resting state to full activity

modulated by a refined allosteric mecha-
nism for its regulation. Cyclic 3’,5’-AMP
seems to play an important role in contro!-
ling the enzyme by both mechanisms. The
cyclic nucleotide was found to be essential

for conversion of the inactive to the active
enzyme (1, 2) . Furthermore, cyclic 3’,S’-
AMP can alter the kinetics of the enzyme

when it is inhibited by ATP. Serotonin,
which is known to increase the synthesis

of cyclic 3’,5’-AMP (14) could therefore
increase the activity of phosphofructo-
kinase through the two mechanisms. The
nucleotide 5’-AMP can also play a regula-
tory role as a modulator of the enzyme
once it is activated in the presence of
cyclic 3’,5’-AMP.
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