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Abr=c--Thc 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 tbc otigomcric form of PFK but 
promotes its dissociation lo ykki a catalytically active monomeric form. Pi has an instantaneous effect of darting the 
apparent ocgative coopcrativity between PFK and F6P whik its long term effect is to compktcly abolish this 
cooptrativity. Pi relieved the inhibition of both the oligomtric and monomeric forms of PFK by PEP, salts, 
phosphoglyceratc and phosphoglycolatc. Citrate inhibition of the oligomcric form was reversed by Pi but its inhibition 
of the monomeric form was aaxntuated by Pi. The significance of Pi effect on PFK activity and regulation is discussed 
in relation to the phosphorylation state concept. 
- .._ --. _ - --_ _ _-- .-..- 

INTRODUCTION 

Phosphofructokinasc (ATP: mfructosc 6-phosphate I- 
phosphotransferasc, EC 2.7.1.1 I; hereafter PFK) from 
animal and microbial sources is stimulated by inorganic 
phosphate (Pi) [l-3]. However, the effect of Pi on the 
activity of PFK from plants is variable [&IS]. Pi 
stimulated the activity of PFK from Brussels sprouts [S], 
pea sad [8]. Kolcurchue sp.. Arriplex sp. [I I] and 
tomatoes [ 141 but it had no cffcc~ on PFK from potatoes 
[lo]. bananas [9] or casIor bean [ 133. On the other hand, 
PFK from corn scutcllum [6] and spinach chloroplasts 
[7] was inhibitai by Pi. Howeva. pi. which inhibited 
carrot PFK at pH 7.9, stimulated the enzyme at pH 6.6 
[4. 121. PFK from tomatoes has been purified dose to 
homogeneity [ 161 and its kinetic and regulatory proper- 
tics have ban extensively studied [17. 181. The tomato 
enzyme has ban shown to exist in a stable and active 
oligomeric form (M, 18OCKlO) which is liable IO dissociate 
in vitro to yield an unstable but catalytically active mono- 
meric form (M, 35 Ooo). In this report, the effect of Pi on 
the activity of the dili’erent molecular forms of the enzyme 
from the tomato is discussed together with the intcr- 
actions between Pi and other PFK modulators. 

Figure I shows the instantaneous clTcct of Pi on the 
monomeric and oligomeric forms of PFK. Pi stimulated 
the activity of Ibc oligomcric form at concentrations up to 
20 mM. The concentration causing 50034 activation (A,,,) 
was 3.8 mM. However, at concentrations above 20 mM. 
the dcgra of stimulation decreased but even at 100 mM 
the enzyme still showed a higher activity than in tbc 
abscncc of Pi. On the other hand, Pi was inhibitory to the 
monomeric form with an inhibitor conccntratlon causing 
SO O/. inhibition (lo , ) of 28.7 mM. Pi stimulation of PFK 

oligomer was dependent on the pH with 2 mM Pi 
exhibiting maximal stimulation at pH 7 (125 To) and 
decreased to 44 y0 at pH 7.5 while at the pH optimum of 
PFK (pH 8), 2 mM Pi had little stimulatory effect. When 
the oligomcric form of PFK was incubated with Pi, the 
stimulatory effect of Pi on this form decreased with time. 
Consequently. tbc long term effazt of Pi on the molecular 
form of PFK was studied by gel -cation chromato- 
graphy on an Ultrogd AcA 34 column. Figure 2a shows 
the dution pattern of PFK on the same column using 
Tris-HCI 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 dution pattern of 
PFK on the same column using phosphate buffer at 
pH 7.5. The results show that following long term cx- 
posure to phosphate, PFK clutcd more slowly in a 
position corresponding IO a M, of 35ooO. In shorter 

Fig. I. Tk C&I of inaqaaic pho@uIc on the advity of Ihe 
di~(O)~moaomcric(x)fomrrofPFK. 
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Fig. 2. Elution of PFK from Ultrogel AcA 34 column usmg 
(a) Tris.HCl rad (b) K-phosphate buffer PI pH 7.5. The column 
(34 x 2.6 diam.) tyu &ted at 0 4” at IS mlfir with the bu!Ter and 

1 ml fractions were coIlacted. 

periods of exposure to Pi, a mixed population of PFK 
proteins was found corresponding to the M, 18OC00 and 
35OOOcomponcnts. With time, the peak corresponding to 
the oligomcr decreased and that of the monomer 
increased. 

TIC e&t of Pi was investigated further using PAGE. 
With the purified enzyme, there wasa single major protein 
band on the gel which corresponded with PFK activity 
revealed by an in situ assay linked IO the deposition of 
insoluble formazan [ 161. Exposing the enzyme to Pi for 
IS 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 
rok of Pi in promoting the dissociation of the oligomcric 
form of PFK. 

Efict of Pi on rhe kinetics o/ PFK in relation IO F6P 

Figure 3a shows an EaditHofstcc plot of data for the 
purified enzyme at different kvels of F6P in the absence 
and presence of 2 mM Pi. In the absena of Pi, the graph 
shows a major deviation from linearity indicative of 
negative cooperativity (h - 0.65). From this data, the 
V ~1 of the reaction and the substrate concentration for 
half maximal rate (S,,,) were calcuIatal as 1.52 pkatal/)cg 
protein and 6.6 mM. rcspoztivdy. The presence of Pi led 
to a decrease in the deviation from linearity (h - 0.9) 
indicating a decrease in the degree of negative coopcra- 
tivity but led to an increase in the V_ of the reaction to 
2.37 pkatal/pg protein. The presence of Pi decreased the 

So., 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 IO F6P were studied using an enzyme prepared by 
using phosphate buffer at pH 7.5. Figure 3b shows rhc 
double reciprocal plot of the results which showed linear 
Michaelis-Menten kinetics (II = I) with So, equal to 
1.76 mM. Subsequent removal of phosphate ions using 
chromatography on Scphadcx G-25 did not restore the 
coopcrativity towards F6P which suggests that the dis- 
sociation of the enzyme is irreversible at least in cirro. 

Itueracrions belween Pi and other modulators o/ PFK 
acliuiry 

Figure 4 shows that PI was able to rdicve the Inhibition 
by PEP of both the monomeric and oligomeric forms of 
PFK but did so more cffcctivcly 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 IOpM PEP but Ao, for the Pi CITCCI 

Fig. 3a. An EaditHofstcc plot for the kinetics of the ohgomerw 
form of PFK with regard to F6P in the abacnrc ( x 1 and prcscna 

of2mM Pi(O) 
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Fig. 3b. A doubk reciprocal plot of the kinctrs of the mono- 
meric form of PFK with rupoct to F6P. 
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Fig. 4. The relief of 0~ inhibitory cflkt of PEP 00 the 
oli~omcric ( x ) and monomeric (0) forms of PFK by inorpnr 
phosphate (both asup cootuxd 1OpM PEP which initially 
ioduczd 54 and 83 ‘A inhibition of the oh~omcric and monomeric 

forms of PFK. rapactively). 

mcrcascd 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 (lo, = 
latory effect ( A0 , = 

28.7 mM) was changed to a stimu- 
Il.5 mM) in the presence of IOpM 

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 Pt. Pi also reltcved the 
inhibition of the oligomeric form of PFK by 2-phos- 
phoglyccrate and phosphoglycolatc [ 18 3. 

Figure 5 shows the interaction between Pi and citrate 
on the activity of the oligomcrtc and monomeric forms of 
PFK. 4 mM Pi was able to overcome completely the 38 “6 
inhibttion of the oligomcric form of PFK caused by 5 mM 
citrate. At higher concentrations of Pi, the activity of the 
oligomcric form was further sttmulatal. Citrate decreased 
the maximum stimulation of the oligomer by Pi but Ao, 
for the effect of Pi remained at 3.8 mM in the presence of 
5 mM citrate. On the other hand, the 20% 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 5 mM had no clTcct on 
either the oligomcrtc or monomeric forms of tomato 
PFK. 

Dl!XXJS!4ON 

Although it is generally accepted that Pi stimulates the 
activity of PFK in most sources [I 3. 51. 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 kinetic and 
regulatory properties. While there is cvidcna showing 
that tomato PFK digomcr undergoes ditiation 
in vitro [ 161. there is at present no evidence that rcassoci- 
anon of the monomeric units of tomato PFK occurs. 
However, associationdissociation for PFK from animal 
sources is well established [ 193 and it may bt that such a 
system operates in plants In a previous publication [ 163. 
toma~o PFK oligomer was shown to dissociate by 
conditions that are unlikdy IO exist in uivo such as elevated 
pH. However. here we show thaw tomato PFK oligomcr 
may be promoted IO dissociate by physiological conccn- 
[rations of a cellular component, Pt. 

FIN. 5. E&t of Inorganic phospbatc oo the iahibit~n by citrate 
ofthcolipncricfonnofPFK(O)(asaycootaincd5mMcitratc 
causing 38Ye inhibition inilirlly) and the monomeric form of 
PFK (x ) (assay umtaincd 0.25 mM curate causmg 20% in- 

hibition mltlally). 

In additton to its effect on the molecular form of PFK, 
Pi also has a direct eflect 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 dccrcav as the energy charge is 
increased [ZO]. It has been reported that the term 
(ATP)i(ADP) (Pi) (phosphorylation state) could be a 
more useful concept than that of the energy charge since it 
has an important thermodynamic signthcancc and bears 
directly on free energy changes and on equilibria in 
enzyme systems [21]. It is likely that the oligomcric form 
of the enzyme is the major form of the enzyme existing 
inuibw under normal condittons [l6]. Thus. when the 
phosphorylation state is high instdc the cell, the Pi level is 
low and there IS an excess of ATP. which stabilizes this 
oligomcric form of PFK. The negative coopcrativity 
exhibited by thts form wtth 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 IO maintain a constant rate of activity 
[ 173. On the other hand, if the phosphorylation state is 
low. and there would be an excess of Pi and ADP 
compared to ATP, the oligomcrtc form could be stimu- 
lated by relieving its inhibitton by PEP and to a lesser 
extent by citrate. h may also promote its dtuociation to 
yteld the monomeric form of PFK which, unlike rhc 
oligomcric form, exhibits non-tntcractive kinetics wtth 
F6P [ 171. The noncooperative tnteractions and higher 
affinity of the PFK monomer to F6P (So, = 1.8 mM) 
compared with the negative coopcrativity and lower 
affinity IO F’6P (S,, , - 6.6mM) observed for the PFK 
oligomer would lead IO an increase In PFK activity for a 
gtven substrate concentration as a result of dissociation 
[ 173. The role of PFK during the rise in glycolytic activity 
associated wtth the climacteric rise in the ripening of 
tomato fruit will be discussed in a forthcoming report. 

EXPERIMENTAL. 

Tomatoes v-y Euro Crow BB were grown in the green- 
house of the Food Raearch Institute. PFK was extracted and 
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purlhad uwng a combination of Muc Scpharosc and bcxyl ATP 

Scpharosc chromatography [ 161 For gel permcstton chromato- 

graphy, rhe PFK cxtrti was conccn~ratcd uwng polyethylene 

giycol 4OW (BDH. P&e. U.K.) up to 65”, conccntratton. 

Following cenlrlfugatlon al 2OooO 0 for 20 min. the prccipllate 

was taken up m 50 mM Trls HCl or phosphate buffer a~ pH 7.5 

contammg 2 mM EDTA and 5 mM DTE. 5 ml of rhts enzyme 

prcpararton was rpplrd IO an Ullrogcl ACA 34 (LKB, Up&a. 

Swcdcn)column (34 x 2 6 dam.)and the column dulcd wlrh the 

same bu!Ter. Full details of this procedurearc dcscrlbcd elsewhere 

[ ‘61. 
The standard PI-K assay contained the fdlowmg In a I ml 

cuvc~te: I6 pmol NADH. 5 rmol MgCla. I pmol ATP. 2 pmol 

F6P. 0.4 units GDH. 2 umts TIM and 0.4 umts of sldolase. The 

reaction WC. ar 25”. was InItrated by the addition of frucrosed- 

phosphate and was followed by measuring the decrease In [he 

fluorescenceof NADH usmgan Eppcndorffluorunercr [ 161. For 

kmecx studies. Hill quatlon was used In the form V 

- (V,l’)i(Ki + I’) for InhIbition s~udtcs and In the form/v 

- ( Vu A’);(Ko + A’) for activation studies [22] where L’ IS the 

reaction t-ale in the presence of the modulator: I’, is the initial 

veloclly in the abscncc of modulalorsr I and A are the concznlra- 

tmn of IRK InhIbItor and actwator respaztlvely: h IS the Hill 

co&cienr. Yo IS the maximum velocity In the presence of an 

activator and KI and Ka arc conmnts. The kmetK data IS 

prcscnlal as double reciprocal ( 1:‘~ against IIs)or Eadic Hofstec 

plors (c agamsr F!J) and the klnetc parameters were dctammaJ 

uwng a cotnpu~a lteratlon proadurc as prcv~ously dcscrlbal 

[l’l. 
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