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Abstract—The effect of inorganic phosphate (Pi) on the activity of phosphofructokinase (PFK) from the tomato is
dependent on the state of aggregation of the enzyme. Pi stimulates the activity of the oligomeric form of PFK but
promotes its dissociation to yield a catalytically active monomeric form. Pi has an instantaneous effect of decreasing the
apparent negative cooperativity between PFK and F6P while its long term effect is to completely abolish this
cooperativity. Pi relieved the inhibition of both the oligomeric and monomeric forms of PFK by PEP, salts,
phosphoglycerate and phosphoglycolate. Citrate inhibition of the oligomeric form was reversed by Pi but its inhibition
of the monomeric form was accentuated by Pi. The significance of Pi effect on PFK activity and regulation is discussed

in relation to the phosphorylation state concept.

INTRODUCTION

Phosphofructokinase (ATP:D-fructose 6-phosphatc 1-
phosphotransferase, EC 2.7.1.11; hereafter PFK) from
animal and microbial sources is stimulated by inorganic
phosphate (Pi) [1-3]. However, the effect of Pi on the
activity of PFK from plants is variable [4-15]. Pi
stimulated the activity of PFK from Brussels sprouts [ 5],
pea seed (8], Kalanchoe sp.. Atriplex sp. [11] and
tomatoes [ 14] but it had no effect on PFK from potatoes
[10]. bananas [9] or castor bean [13]. On the other hand,
PFK from corn scutellum [6] and spinach chloroplasts
(7] was inhibited by Pi. However, Pi, which inhibited
carrot PFK at pH 7.9, stimulated the enzyme at pH 6.6
[4.12]. PFK from tomatoes has been purified close to
homogeneity [16] and its kinetic and regulatory proper-
ties have been extensively studied [17, 18]. The tomato
enzyme has been shown to exist in a stable and active
oligomeric form (M, 180000) which is liable to dissociate
invitro to yield an unstable but catalytically active mono-
meric form (M, 35000). In this report, the effect of Pi on
the activity of the different molecular forms of the enzyme
from the tomato is discussed together with the inter-
actions between Pi and other PFK modulators.

RESULTS

Figure | shows the instantaneous effect of Pi on the
monomeric and oligomeric forms of PFK. Pi stimulated
the activity of the oligomeric form at concentrations up to
20 mM. The concentration causing 50 % activation (Ag s )
was 3.8 mM. However, at concentrations above 20 mM,
the degree of stimulation decreased but even at 100 mM
the enzyme still showed a higher activity than in the
absence of Pi. On the other hand, Pi was inhibitory to the
monomeric form with an inhibitor concentration causing
50 % inhibition (I, 4) of 28.7 mM. Pi stimulation of PFK

oligomer was dependent on the pH with 2mM Pi
cxhibiting maximal stimulation at pH 7 (125%,) and
decreased to 44 9, at pH 7.5 while at the pH optimum of
PFK (pH 8), 2 mM Pi had little stimulatory effect. When
the oligomeric form of PFK was incubated with Pi, the
stimulatory effect of Pi on this form decreased with time.
Consequently, the long term effect of Pi on the molecular
form of PFK was studied by gel permeation chromato-
graphy on an Ultrogel AcA 34 column. Figure 2a shows
the clution pattern of PFK on the same column using
Tris-HC1 buffer at pH 7.5. Using a column calibrated
with proteins of known M,, the enzyme had an estimated
M, of 180000. Figure 2b shows the clution pattern of
PFK on the same column using phosphate buffer at
pH 7.5. The results show that following long term ex-
posure to phosphate, PFK eluted more slowly in a
position corresponding to a M, of 35000. In shorter
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Fig. 1. The effect of inorganic phosphate on the activity of the
oligomeric (O) and monomeric ( x ) forms of PFK.
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Fig. 2. Elution of PFK from Ultrogel AcA 34 column using

() Tris -HCl and (b) K-phosphate buffer at pH 7.5. The column

(34 x 2.6 diam.) was eluted at 0 4° at 15 mi/hr with the buffer and
1 ml fractions were collected.

periods of exposure to Pi, a mixed population of PFK
proteins was found corresponding to the M, 180000 and
35000 components. With time, the peak corresponding to
the oligomer decrcased and that of the monomer
increased.

The effect of Pi was investigated further using PAGE.
With the purified enzyme, there was a single major protein
band on the gel which corresponded with PFK activity
revealed by an in situ assay linked to the deposition of
insoluble formazan [16]. Exposing the enzyme to Pi for
15 min resulted in the appearance of more than one
protein band. There was a retardation of one protein band
and a splitting of the fast moving band into two protein
components. The low protein content of the purified
enzyme rendered it difficult to study these protein com-
ponents in detail. Nevertheless, these results confirm the
role of Pi in promoting the dissociation of the oligomeric
form of PFK.

Effect of Pi on the kinetics of PFK in relation to F6P

Figure 3a shows an Eadie-Hofstee plot of data for the
purified enzyme at different levels of F6P in the absence
and presence of 2 mM Pi. In the absence of P, the graph
shows a major deviation from linearity indicative of
negative cooperativity (h = 0.65). From this data, the
¥ ey Of the reaction and the substrate concentration for
half maximal rate (S, s) were calculated as 1.52 pkatal/ug
protein and 6.6 mM, respectively. The presence of Pi led
to a decrease in the deviation from linearity (h = 0.9)
indicating a decrease in the degree of negative coopera-
tivity but led to an increase in the ¥, of the reaction to
2.37 pkatal/ug protein. The presence of Pi decreased the
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So.s value of 2.5 mM and thus caused an increase in the
affinity of PFK for F6P.

The long term effect of Pi on the PFK kinetics with
respect to F6P were studied using an enzyme prepared by
using phosphate buffer at pH 7.5. Figure 3b shows the
double reciprocal plot of the results which showed linear
Michaelis-Menten kinetics (b = 1) with S, 4 equal to
1.76 mM. Subsequent removal of phosphate ions using
chromatography on Sephadex G-25 did not restore the
cooperativity towards F6P which suggests that the dis-
sociation of the enzyme is irreversible at least invitro.

Interactions between Pi and other modulators of PFK
activity

Figure 4 shows that Pi was able to relieve the inhibition
by PEP of both the monomeric and oligomeric forms of
PFK but did so more effectively for the oligomeric form.
Analysis of these data showed that the maximum velocity
for Pi stimulation of the oligomeric form did not change
in the presence of 10 uM PEP but A, ¢ for the Pi effect
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Fig. 3a. An Eadie-Hofstec plot for the kinctics of the oligomeric
form of PFK with regard (o F6P in the absence ( x ) and presence
of 2mM Pi (O).
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Fig. 3b. A doubie reciprocal plot of the kinetics of the mono-
meric form of PFK with respect to F6P.
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Fig. 4. The relief of the inhibitory effect of PEP on the

oligomenc ( x ) and monomerx (O) forms of PFK by inorganic

phosphate (both assays contained 10 uM PEP which initially

induced 54 and 83 9 inhibition of the oligomerik and monomeric
forms of PFK, respectively).

increased from 3.8 mM in the absence of PEP to 8.6 mM
in its presence. For the monomeric form, the inhibitory
effect of Pi (I, 4 = 28.7 mM) was changed to a stimu-
latory effect (4, 5 = 11.5mM) in the presence of 10 uM
PEP. Thus, PEP decreased the apparent affinity of the
two forms of the enzyme for Pi which suggests that PEP
may be a competitive inhibitor for Pi. Pi also relieved the
inhibition of the oligomeric form of PFK by 2-phos-
phoglycerate and phosphoglycolate [18].

Figure S shows the interaction between Pi and citrate
on the activity of the oligomeric and monomeric forms of
PFK. 4 mM Pi was able to overcome completely the 38°,
inhibition of the oligomeric form of PFK caused by S mM
citratc. At higher concentrations of Pi, the activity of the
oligomeric form was further stimulated. Citrate decrcased
the maximum stimulation of the oligomer by Pi but A
for the effect of Pi remained at 3.8 mM in the presence of
5 mM citrate. On the other hand, the 209, inhibition of
the monomeric form of PFK by 0.25 mM citrate was not
relieved by Pi but rather was accentuated.

PPi up to a concentration of S mM had no effect on
cither the oligomeric or monomeric forms of tomato
PFK.

DISCUSSION

Although it is generally accepted that Pi stimulates the
activity of PFK in most sources [1 3, 5], there is little
understanding of its mechanism of action. The present
work indicates that an important effect of Pi is to promote
dissociation of tomato PFK and this affects its kineticand
regulatory properties. While there is evidence showing
that tomato PFK oligomer undergoes dissociation
in vitro [16], there is at present no evidence that reassoci-
ation of the monomeric units of tomato PFK occurs.
However, association-dissociation for PFK from animal
sources is well established [19] and it may be that such a
systcm operates in plants. In a previous publication [16],
tomato PFK oligomer was shown to dissociate by
conditions that are unlikely to exist in vivo such as elevated
pH. However, here we show that tomato PFK oligomer
may be promoted to dissociate by physiological concen-
trations of a cellular component, Pi.
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Fig. 5. Effect of inorganic phosphate on the inhibition by citrate

of the oligomeric form of PFK (O) (assay contained S mM citrate

causing 38 % inhibition initially) and the monomenk form of

PFK (x) (assay contained 0.25 mM citrate causing 209, in-
hibition initially).

In addition to its effect on the molecular form of PFK,
Pi also has a direct effect on the kinetics of both the
oligomeric and monomeric forms of tomato PFK. This
effect may be related to the energy charge concept by
which the rate of ATP regenerating systems such as PFK
was postulated to decrease as the energy charge is
increcased [20]. It has been reported that the term
(ATP)/(ADP)(Pi) (phosphorylation state) could be a
more useful concept than that of the energy charge since it
has an important thermodynamic significance and bears
directly on free energy changes and on equilibria in
enzyme systems [21]. It is likely that the oligomeric form
of the enzyme is the major form of the enzyme existing
invivo under normal conditions [16]. Thus, when the
phosphorylation state is high inside the cell, the Pi level is
low and there is an excess of ATP, which stabilizes this
oligomeric form of PFK. The negative cooperativity
exhibited by this form with F6P and the inhibition by
PEP which does not alter this cooperativity makes the
PFK oligomer resistant to fluctuations in substrate levels
and would tend to maintain a constant rate of activity
[17]. On the other hand, if the phosphorylation state is
low, and there would be an excess of Pi and ADP
compared to ATP, the oligomeric form could be stimu-
lated by relieving its inhibition by PEP and to a lesser
cxtent by citrate. Pi may also promote its dissociation to
yield the monomeric form of PFK which, unlike the
oligomeric form, exhibits non-interactive kinetics with
F6P [17]. The non-cooperative interactions and higher
affinity of the PFK monomer to F6P (S, s = 1.8 mM)
compared with the negative cooperativity and lower
affinity to F6P (S, s = 6.6 mM) observed for the PFK
oligomer would lead to an increase in PFK activity for a
given substrate concentration as a result of dissociation
[17]. The role of PFK during the rise in glycolytic activity
associated with the climacteric rise in the ripening of
tomato fruit will be discussed in a forthcoming report.

EXPERIMENTAL

Tomatoes variety Euro Cross BB were grown in the green-
house of the Food Research Institute. PFK was extracted and
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purified using a combination of blue Sepharosc and hexyl ATP
Sepharose chromatography [16]. For gel permeation chromato-
graphy, the PFK extract was concentrated using polyethylene
glycol 4000 (BDH, Poole, UK.) up to 65°, concentration.
Following centrifugation at 20000 g for 20 min, the precipitate
was taken up in 50 mM Tris HCl or phosphate buffer at pH 7.5
containing 2mM EDTA and $ mM DTE. S ml of this enzyme
preparation was applied to an Ultrogel ACA 34 (LKB, Uppsala,
Sweden) column (34 x 2.6 diam.) and the column cluted with the
same buffer. Full details of this procedure are described elsewhere
[16]).

The standard PFK assay contained the following in a 1 mi
cuvette: 16 umol NADH, $ umol MgCl,, 1 umol ATP, 2 umol
F6P, 0.4 units GDH, 2 units TIM and 0.4 units of aldolase. The
reaction rate, at 25°, was initiated by the addition of fructose-6-
phosphate and was followed by measuring the decrease in the
fluorescence of NADH using an Eppendorf fluorimeter [16]. For
kinetic studies, Hill equation was used in the form V
= (Vol*)i(Ki+ 1*) for inhibition studics and in the form/v
= (Va A*);(Ka+ A®) for activation studies [22] where v 1s the
reaction rate in the presence of the modulator; ¥, is the initial
velocity in the absence of modulators; / and A are the concentra-
tion of the inhibitor and activator respectively. h is the Hill
coefficient, Va is the maximum velocity in the presence of an
activator and Ki and Ka are constants. The kinetic data 1s
presented as double reciprocal (1;¢ against 1/s)or Eadie Hofstee
plots (v against ¢v/s) and the kinetic parameters were determined
using a computer iteration procedure as previously described

(17]).
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