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Abstract—The regulatory properties of PFK from the tomato are discussed in relation to the dissociation of the
oligomeric form of the enzyme. Both the oligomeric and monomeric forms of PFK were inhibited by citrate, malate,
PEP, 2-phosphoglycerate, phosphoglycolate and ammonium sulphate. PEP was the most potent inhibitor of PFK
activity with 9 and 10 um PEP causing 50 % inhibition of the oligomeric and monomeric forms of PFK respectively.
The inhibition by all these metabolites of the oligomeric form of PFK was sigmoidal while their inhibition of the
monomeric form was hyperbolic. The magnitude of inhibition by these metabolites is affected by the levels of Mg?*.
The oligomeric form of the enzyme is more resistant to citrate inhibition than the monomeric form. In the presence of
citrate or ammonium sulphate, the kinetics of the oligomeric form of PFK with F6P yielded positive cooperativity while
in their absence, the kinetics revealed negative cooperative interactions. Phosphoenolpyruvate had no effect on the
nature of the kinetics with F6P. ADP is stimulatory to the oligomeric form while it is slightly inhibitory to the
monomeric form. The significance of these properties and their relation with the regulation of PFK activity in vivo are
discussed.
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their activity is modulated by metabolites as well as their
catalytically active substrates [ 1, 2]. Phosphofructokinase
(ATP-fructose-6-phosphate 1-phosphotransferase, EC
2.7.1.11; hereafter PFK) is sensitive to a large number of
modulators. Studying the effects of modulators on PFK X
in the tomato is complicated by the finding that this /
enzyme exists in more than one molecular form. Gel /
permeating chromatography revealed that at pH 7.5, the 0 S
enzyme extracted from tomatoes at the breaker stage ! mM Citrate
exists solely in an oligomeric form which has an M, of
180000. Raising the pH promotes the dissociation of the  Fig |, Effect of citrate on the activity of the oligomeric ( x ) and
oligomeric form of the enzyme to give a catalytically active monomeric (O) forms of tomato PFK.
monomer which has a M, of 35000 [3]. The dissociation
of PFK oligomer was irreversible in vitro [3] and it seems
likely that the oligomeric form is the dominant form of
PFK in vivo under normal conditions.

In the previous paper [4], the kinetics of this enzyme
with regard to its substrates have been discussed and in
this report the effect of different modulators on the two 30
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Figures 1 and 2 show the effect of citrate and malate on mM  Malate

the oligomeric and monomeric forms of PFK and the
kinetic parameters resulting from the analysis of this data  Fig. 2. Effect of malate on the activity of the oligomeric ( x )and
are summarized in Table 1. The results show that citrate is monomeric (O) forms of tomato PFK.
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Table 1. The kinetics of citrate and malate inhibition of PFK
(initial activity 5.3 pkat/ug protein)

¥ at maximal
Form of inhibition
Acid enzyme (pkat/ug protein) h Iy s(mM)
Citrate oligomer 336 3.76 .78
monomer 1.43 1 047
Malate oligomer 392 24 3
monomer 3.85 1 2

more inhibitory to PFK than malate and that for both
acids, the inhibition is greater with the monomeric form.
The inhibition of the oligomeric form by these acids is of a
sigmoidal nature which manifests itself in h values (Hill
coefficient) of more than unity. On the other hand, the
inhibition of the monomeric form by both acids is
hyperbolic in nature and h is equal to one.

The effect of citrate on the kinetics of the PFK oligomer
with regard to its substrates was investigated. The satu-
ration plot of Fig. 3 shows the effect of 2 mM citrate on
the kinetics with regard to F6P. The kinetic parameters
for the data were 12.8 pkat/ug protein, 0.69 and 6.53 mM
for V., h and S, s (substrate concentration giving half
maximal rate) respectively in the absence of citrate and
7.4 pkat/ug protein, 1.65 and 2.3 mM in the presence of
2 mM citrate. Citrate caused a shift in PFK cooperativity
towards F6P from apparent negative to positive as
revealed by the values of h. The presence of 2 mM citrate
decreased both ¥, and S, s for PFK with respect to
F6P. This suggests that citrate increased both the sensi-
tivity of PFK to small changes in substrate concentration
and the affinity of the enzyme towards F6P. The low
activity and instability of the monomeric form of PFK
rendered it difficult to carry out as detailed kinetic studies
of this form of the enzyme as of the oligomer {3].

In view of the effect of Mg?* in overcoming ATP
inhibition [4], the effect of Mg?* on the inhibition of the
oligomeric form by citrate was investigated in the presence
of 1 mM ATP (Fig.4). The kinetics revealed simple
Michaelis-Menten pattern in the presence and absence of
2mM citrate. Citrate had no effect on V_,, but it
increased the K, for Mg?* from 0.84 to 2.4 mM. This
shows that increasing Mg?* concentration decreased the
inhibition of PFK by citrate, and that citrate decreased the
affinity of the enzyme to Mg?”*. Since the Mg-ATP
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Fig. 3. A saturation plot of the oligomeric PFK activity against
F6P concentration in the absence ( x ) and presence (O) of 2 mM
citrate.
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Fig. 4. A double reciprocal plot of the kinetics of PFK oligomer

with Mg2” in the absence of ([J) and presence of 2 mM citrate

(x)and 10 uM PEP (O) (ATP concentration was held constant
at 2 mM).

complex is the real substrate of the enzyme and free ATP
is a potent inhibitor for PFK [4], it is not clear from these
data whether the inhibitory effect of citrate is directly
upon the enzyme or due to an indirect effect of complex-
ing Mg?* and thus raising the concentration of free ATP
to inhibit the enzyme.

The previous data provide further evidence for the
important role of Mg?* in controlling the activity of
PFK. The inhibition by citrate could be accentuated or
diminished by changing the concentration of Mg3*
relative to ATP.

Effect of phosphoenolpyruvate (PEP)

Figure 5 shows the effect of PEP on the oligomeric and
monomeric forms of PFK. PEP is a very effective
inhibitor of both forms of the enzyme and the kinetic
parameters of the inhibition were 1.5 and 9 uM for h and
I, 5 respectively for the oligomeric, and 1 and 10 uM for
the monomeric form of PFK.

The effect of 10uM PEP on the kinetics of the
oligomeric form of PFK with respect to ATP and Mg?*
(Fig. 4) showed that in the presence of | mM ATP, PEP
had no effect on ¥, but increased the K, for Mg?* from
0.84in its absence to 5.3 mM in its presence. This indicates
that the inhibition by PEP could be decreased by
in¢reasing Mg2* concentration and it could be ac-
centuated by decreasing it. PEP decreased the affinity of
the enzyme to Mg-ATP. The very low concentrations of
PEP required to induce inhibition of the enzyme makes it
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Fig. 5. Effect of PEP on the activity of the oligomeric ( x ) and
monomeric (O) forms of PFK.
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Fig. 6. A saturation plot of PFK activity against F6P concen-
tration in the absence (O) and presence (x) of 10 uM PEP.

unlikely that PEP acts by complexing Mg2?* leading to an
increase in the concentration of free ATP which would
inhibit the enzyme.

Figure 6 shows the effect of 10 uM PEP on the nature
of the kinetics of PFK oligomer in relation to F6P.
Analysis of the data gave values of 9.9 pkat/ug protein,
0.65 and 6.9 mM for V., h and S, s respectively in the
absence of PEP and 8 pkat/ug protein, 0.72 and 8.6 mM
in the presence of 10 uM PEP. The presence of PEP did
not alter the apparent negative cooperativity of the
enzyme with F6P, but caused a decrease in V,,, and slight
increases in both h and S, s. This indicates that PEP
decreased the affinity of the oligomeric form of the
enzyme to F6P. In addition, it shows that increasing the
F6P concentration did not relieve PEP inhibition
completely.

Effect of other metabolites

The effect of other metabolites such as 2-phospho-
glycerate and phosphoglycolate on PFK activity were
investigated and Table 2 shows the kinetic parameters for
these inhibitors in comparison with PEP. The results
show that all these metabolites are inhibitory for PFK but
less so than PEP. However, the inhibition by these
metabolites is not greatly affected by the molecular form
of the enzyme although they tend to inhibit the oligomer
in a sigmoidal fashion. The tomato enzyme was not
affected by fructose-2,6-bisphosphate.

Effect of ADP

Figure 7 (a and b) shows the effect of ADP, at various
Mg?* concentrations on both the oligomeric and mono-
meric forms of PFK. ADP stimulated the activity of the
oligomer and this stimulation was enhanced by increasing
the concentration of Mg2*. However, ADP inhibited the

Table 2. Kinctic parameters of PFK inhibition by some meta-

bolic intermediates
Form of

Metabolite enzyme h 1, s(mM)
Phosphoenolpyruvate oligomer 1.5 0.009

monomer  1.00 0.01
2-Phosphoglycerate oligomer 1.56 0.49

monomer 1.00 0.66
Phosphoglycolate oligomer 1.54 0.58

monomer 1.00 0.78
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Fig. 7. (a)Effect of ADP on the oligomeric form of PFK in the

presence of 2 (A), 5(x ), 10(O) and 20 (A) mM Mg?*. (b) Effect

of ADP on the monomeric form of PFK in the presence of 5( x ),
10(O) and 20(A) mM Mg?*.

monomer but increasing Mg?* concentration decreased
this inhibition. These results indicate that the effect of
both ATP and ADP are influenced by Mg?*
concentration.

Analysis of the kinetic data for ADP effect on the
oligomer under conditions of excess Mg2 * revealed that h
and Ag s (activator concentration giving 50 %, activation)
were 2.2 and 0.4 mM respectively. For the monomer, ADP
had no inhibitory effect up to a concentration of 3 mM. At
higher concentrations of ADP, the inhibition of the
monomer could be attributed to a salt effect.

The effect of 1 mM ADP on the kinetics of the
oligomeric form of PFK with respect to F6P are shown in
Fig. 8. V.., hand Sy s were 10.4 pkat/ug protein, 0.66 and
7.5 mM, respectively in the absence of ADP while in the
presence of 1 mM ADP they were 12.25 pkat/ug protein,
0.78 and 4.1 mM, respectively. ADP caused an increase in
both ¥, and hand a decrease in S, 5. This indicates that
ADP caused an increase in the affinity of PFK for F6P.

Effect of AMP and cAMP

AMP had a slight inhibitory effect on PFK oligomer
and monomer and this inhibition was relieved by increas-
ing Mg?* concentration, e.g. S mM AMP caused a 35.7,
20 and 11.4 % inhibition of PFK oligomer in the presence
of 5,10 and 20mM Mg?*, respectively. On the other hand,
cAMP had a slight stimulatory effect on both forms of
PFK causing a maximum of 109/ activation at a concen-
tration of 60 uM. At higher concentration, 1 and 2 mM
cAMP caused a 9 and 17.4 9 inhibition, respectively and



100 o
0/
/o/ %
e
E L
-] X
« 50 ! /x/
[}
=] e
X £/
a /I
¢
5 10
mM F6P

Fig. 8. A saturation plot of the activity of PFK oligomer against
F6P concentration in the absence (x) and presence (O) of
1 mM ADP.

again this inhibition was reduced by increasing Mg?*
concentration.

Ammonium sulphate inhibited both the oligomeric and
monomeric forms of the enzyme but the inhibition of the
monomer is greater (Io s of 27.5 and 46.3 mM for the
monomer and oligomer, respectively).

DISCUSSION

Phosphofructokinase catalyses the first unique step in
the glycolytic pathway and its regulatory properties derive
from its complex kinetic interactions with its substrates
and with a large number of allosteric modifiers [ 1, 2]. The
literature on plant PFKs is confusing on the details of the
interaction between PFK and these substrates and modi-
fiers, enzymes from different sources appearing to be
vastly different in their regulatory properties [5]. The
most striking regulatory effector of tomato PFK is PEP,
which acts at concentrations well within the physiological
range. The concentration of PEP in tomatoes ranges from
13 to 30 uM [5]. PEP inhibition is a feature of PFKs from
other plant sources [5-8] but PFK from wheat grain was
reported to be unaffected by PEP [9]. PEP inhibition of
plant PFK is more potent than that for PFK from animal
and microbial sources [10-12], e.g. a K value of 148 uM
for PEP inhibition of mammalian PFK has been quoted
[10]. On the other hand, the plant PFK [12-16], in
contrast to animal PFK, is relatively insensitive to in-
hibition by citrate and malate. Reports show a K value of
8 uM for citrate inhibition of mammalian PFK [10], as
compared to 470 and 1780 uM for half-maximal in-
hibition by citrate for the monomeric and oligomeric
forms of the tomato enzyme respectively. It could be that
citrate inhibition is of less regulatory significance in plants
and it is possible that its effect is indirect via ATP due toa
decrease in the ratio of Mg?* : ATP required for complex-
ing. Differences in the regulatory properties of enzymes in
general, and PFK in particular, from the various sources
are possible and may reflect adaptations to particular
physiological situations.

Another major difference between PFK from plants
and other sources is in its response to fructose-2,6-
bisphosphate. In agreement with the findings for other
plant enzymes [ 7, 16-21), it has no effect on tomato PFK.
This compound is now considered to be the most potent
activator for PFK from mammalian and other sources
[21]. PFP, a PPi dependent phosphofructokinase (pyro-
phosphate: fructose-6-phosphate 1 phosphotransferase,
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EC 2.7.1.90) has been found in plants [22] and it has been
reported that there is a metabolite mediated interconver-
sion between PFK and PFP in spinach leaves [23].
However, there were three recent reports which cast doubt
on this interconversion [24-26]. Needless to say, the role
of fructose-2,6-bisphosphate and PFP in the control of
glycolysis is still not known [22].

Another difference between PFK from plant and other
sources is its response to ADP, AMP and cAMP. In
general, PFK from most animal and microbial sources is
stimulated by ADP, AMP and cAMP[1, 2, 10]. However,
ADP inhibited PFK from wheat grain [9], avocado [12]
and banana [15] and cAMP had no effect on PFK from
avocado, parsley, pea and banana [12, 15, 27]. AMP was
found to be inhibitory to PFK from many plant sources
[6, 12, 14-16, 27]. On the other hand, PFK from Atriplex
and Kalanchoe was stimulated by AMP and cAMP [28],
but chloroplast PFK from spinach was inhibited by AMP
and cAMP [29]. In this work, it has been shown that the
effect of adenine nucleotides depends on the levels of
Mg?* relative to the nucleotide and changes in Mg?* can
accentuate or diminish the effect of these compounds on
PFK. The PFK oligomer was stimulated by ADP while
the monomeric form was not. ADP increased the negative
cooperativity of the oligomer with F6P which suggests
that ADP increased the affinity of the enzyme for F6P and
it relieved the ‘strain’ imposed by negative cooperativity.
AMP and cAMP had no significant effect on tomato
PFK.

The present work shows that tomato PFK exhibits
complex kinetic properties with its substrates and other
modulators which is characteristic of regulatory enzyme.
However, the large number of modulators that could
affect PFK and the interactions between them in addition
to the liability of the PFK oligomer to dissociation, make
it difficult to compare the kinetic and regulatory pro-
perties of PFK from different sources. It may well be that
the inconsistencies in the literature on the properties of
plant PFK are due to these effects.

Nevertheless, the present work points to major dif-
ferences in regulatory properties between PFK from plant
and animal sources with the plant enzyme inhibited more
by PEP and less by citrate while it is not affected by AMP,
cAMP or fructose-1,6-bisphosphate. These differences
suggest that the regulation of PFK from plant and animal
sources may be different.

The most significant finding presented in this work is
the change in the regulatory properties of tomato PFK
oligomer with dissociation. On one hand, the PFK
oligomer exhibits negative cooperativity with F6P and is
stimulated by ADP while it is relatively more resistant to
inhibitors than the monomer. On the other hand, the PFK
monomer exhibits non-cooperative interactions with F6P
and is not stimulated by ADP while it is more sensitive to
inhibitors than the oligomer. The physiological signifi-
cance of this finding is that the tomato PFK oligomer in
vivo may be operating under constrained conditions
imposed by the negative cooperativity with F6P, which is
not affected by PEP inhibition. The negative cooper-
ativity with F6P would ensure that total inhibition of
tomato PFK oligomer is unlikely and it would also
maintain a constant rate of PFK reaction despite minor
fluctuations in the concentrations of its modulators.
Consequently, it is argued here that a true understanding
of PFK regulation in vivo can only be achieved through
the understanding of the factors that may control the
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dissociation of the PFK oligomer and bring about the
contrasting regulatory properties between PFK oligomer
and monomer. The effect of Pi on the activity of tomato
PFK and on the dissociation of the oligomeric form will
be discussed in a forthcoming report.

EXPERIMENTAL

Tomatoes (Lycopersicon esculentum var. Eurocross BB) were
grown in the greenhouse of the Food Rescarch Institute and
taken for analysis at the ‘breaker’ stage of ripening. Biochemicals
were purchased from Boehringer and other chemicals were
obtained from BDH.

PFK was purified 260 fold using a procedure involving affinity
chromatography on Blue Scpharose and ATP-Sepharose and
was assayed using the methods previously described [3, 4]. All
work on the oligomeric form of PFK was carried out on a
preparation made in Tris (pH 7.5) under conditions in which the
enzyme exists exclusively in this form and is stable for several
days at 0° [3]. Work on the monomeric form relates to
preparations made at high pH (8.0-8.5) and stored at 0° under
conditions in which dissociation is promoted and the monomer
becomes the major species [3].

For kinetic studies, the Hill equation was used in the form ¥V

(] 1]
= Vol for inhibition studies and in the form V = Vol

K+ K, + 4"
for activation studies [30] where ¥ is the reaction rate in the
presence of modulators; ¥, is the initial velocity in the absence of
modulators; / is the inhibitor concentration; K, and K, are
constants; ¥, is the maximum velocity in the presence of an
activator; A is the activator concentration and h is the Hill
coefficient. This analysis provides the concentration required for
half maximal activation (Ao s) or inhibition (I s).
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