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1. Introduction

It is well established that mammalian phospho-
fructokinases show concentration-dependent association
and dissociation phenomena [1-—5]. The minimum
fully active form of the enzyme from skeletal muscle
has a molecular weight of 380,000 and can be dissoci-
ciated into units of molecular weight 192,000 by dilu-
tion at pH 6.7, or lowering the pH to 5.0 [1]. The dis-
sociated enzyme has at most two percent of the ac-
tivity of the associated form. Similar observations have
been made on the enzyme from sheep heart [2]. In the
latter case ATP was found to favour dissociation, and
the other substrate of the reaction, fructose-6-phosphate
(F6P) exerted a countervailing effect, tending to
favour the associated form of the enzyme.

The results presented here indicate that the effector
modulated dissociation of phosphofructokinase is cap-
able of accounting for almost the entire range of con-
trol properties of the enzyme. These may be summarised
as (1) inhibition by high concentrations of ATP, (2) syn-
ergistic inhibition by citrate in the presence of inhib-
itory concentrations of ATP, (3) the counteraction
of inhibition by adenosine monophosphate (AMP) and
fructose-1-6-diphosphate (FDP), and (4) cooperativ-
ity of the F6P kinetics in the presence of inhibitors. In
relation to (3) it should be noted that although the
kinetic order of AMP activation appears to be two,
whilst that of FDP activation is one, both compounds
are capable of completely counteracting ATP inhibition.
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2. Experimental

Phosphofructokinase was prepared from beef heart
by the method of Frenkel [6]. The preparation used in
these studies had a specific activity of 46 international
units per milligram protein, measured at pH 8.0 and
25°, which is rather less than the specific activites of
between 75 and 100 which the technique has usually
yielded in our hands. However the kinetic parameters
of the enzyme were identical to those measured using
more highly purified preparations, the Michaelis con-
stants for ATP and F6P measured in the presence of
saturating quantities of AMP being 42 and 112 uM,
respectively. The response of the enzyme to effectors
also differed in no respect from the behaviour observed
previously with a number of different enzyme prepara-
tions.

Phosphofructokinase was assayed at pH 6.70 and
25° using a Radiometer 26 pH meter coupled to a
vitatron recorder at a sensitivity of 0.1 pH units full
scale, to monitor the release of protons concommitant
upon the progress of the reaction. The reaction buffer
contained 100 mM potassium chloride, 10 mM mag-
nesium sulphate, and 1 mM imidazole chloride, In-
itial rates of reaction were measured at a pH not more
than 0.02 units below 6.70, and corrected for the buf-
fering capacities of the substrates and effectors pres-
ent in the reaction mixture (which were determined
under the conditions of the experiment) using an
A.S.A. Fortran programme written for the University
of Cambridge Titan computer. Reactions were initiated
by the addition of the enzyme as a sludge suspended
in a solution containing 10 mM potassium phosphate,
and 60 percent w/v ammonium sulphate, pH 7.0.

197



Volume 12, number 4 FEBS LETTERS January 1971

701
! /d
L
T
s
o
€ -
3
>
~
0 3 8

PEK (pgm/ml.)

Fig. 1. (a) Theoretical plot for F6P = 200 uM, ATP = 500 uM, at saturating AMP; (b) F6P = 200 uM, ATP = 200 uM; AMP = 200
uM; (c) F6P = 200 uM, ATP = 500 uM; (d) F6P = 200 uM, ATP = 500 uM, citrate = 500 uM.

Controls were carried out by the addition of the super- Fig. 1 shows that the dependence of rate on enzyme
natant from a centrifuged solution of the enzyme, concentration, although linear in the presence of a sa-
which had no effect on the observed rates of reaction. turating concentration of AMP is non linear in the pres-
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Fig. 2. Plots of normalised rate against ATP concentration at 200 uM F6P and a series of different enzyme concentrations. (a) Ex-
pected curve at saturating AMP; (b) Enzyme concentration = 7.5 ug/ml; (c) Enzyme concentration = 3,75 ug/ml; (d) Enzyme con-
centration = 2.6 ug/ml; (¢) Enzyme concentration = 1.87 ug/ml. |
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ence of a high concentration of ATP, at low protein
concentrations. Citrate exacerbates this non-linearity.
However, at sufficiently high enzyme concentrations,
the curves become linear, and the relative degree of in-
hibition decreases. The initial non-linearity strongly sug-
gests that the enzyme is dissociating into an inactive
form at low protein concentrations, and that inhibitors
increase this effect, presumably by binding to the dis-
sociated form. Activators prevent dissociation, pre-
sumably by binding to the associated form of the en-
zyme. The process of reassociation appears to be fast,
since addition of AMP, or an additional aliquot of en-
zyme to an inhibited sample causes an immediate ac-
tivation. The amount of dissociated enzyme present
will become proportional to the square root of the
total enzyme concentration at high values of the lat-
ter, and so the ratio of dissociated to associated forms
will fall to zero as the enzyme concentration rises
toward infinity.

The striking dependence of inhibition by high con-
centrations of ATP on protein concentration is shown
in fig. 2. Evidently, as the enzyme concentration
rises, the rate against ATP profile approaches more
closely to the hyperbola which would be observed in
the presence of saturating concentrations of AMP, and
the extremum of the curve moves toward progressively
higher ATP concentrations. There is a marked corre-
spondence between these rate profiles and those ob-
tained by varying ATP concentrations at a series of
F6P concentrations greater than the K, for F6P, which
seems to simulate the effect of increasing the enzyme
concentration. F6P must thus bind to the catalytic site
of the enzyme only when it is in its associated form.
Studies on the isotope exchange reactions of phospho-
fructokinase are consistent with this, and also sug-
gest that ATP can bind to the catalytic site in both the
associated and dissociated forms [13]. Thus ATP bind-
ing at the catalytic site would not be expected to have
the same effect as binding of F6P.

3. Discussion

The model of phosphofruktokinase proposed here
subsumes a considerable amount of information. It not
only provides a rational basis for consideration of the
kinetics of enzyme but is capable of reconciling the
cooperativity of this behaviour with respect to ATP
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and F6P with the non-cooperative nature of the binding
kinetics [7, 8] . It also explains the activating effect

of AMP at apparently non-inhibitory ATP concentra-
tions, and the extreme synergism of ATP and citrate
inhibition, which is hard to account for on any other
basis. The results of ultracentrifugation and sucrose
density gradient studies showing rapid association and
dissociation [1—5] are a necessary consequence of the
model. Similar behaviour has been observed in a num-
ber of other cases, the best known of which is gluta-
mate dehydrogenase [8], and may be a more important
source of control mechanisms than has previously been
realised.

The metabolic consequences of the control mecha-
nism for phosphofruktokinase are interesting. The ac-
tivity of the enzyme in rat heart has been estimated to
be about 20 international units per gram wet weight
[10], corresponding to about 40 units per ml of cyto-
plasm. This concentration is about 120 times the
maximum used in these Kinetic studies, but ATP levels
have been estimated to be of the order of 10 mM in rat
heart [11, 12], which is only about 5 times the max-
imum concentration used in this work. This seems to
imply that ATP alone is likely to be a rather poor in-
hibitor of phosphofruktokinase in vivo. Citrate too is
rather a poor inhibitor per se, and probably ATP and
citrate levels have to be simultaneously high to cause
inhibition of the enzyme unless compartmentation is
responsible for locally exaggerated ATP concentra-
tions.
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