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Aktract--The relative activity and tbc kinetic properties of pbosphofructokinasc (PFK) during the various stages of 
tomato ripening were investigated. There were oo sign&cant changes in the cxtroctabk activity of the enzyme during 
ripening but there was an apparent change in the molecular form of the enzyme as the fruits entered the climacteric and 
scncsanrx stages. While the enzyme extracted from preclimacteric fruit existed sokly in ao oligomcrk form, that 
extracted from fruits io the later stages of ripening was present as a mixture of tbc monomeric aod oligomeric forms. 
Changes in the regulatory properties of the cnxynu extracted at the various stages of ripening waccxplicabk in terms of 
the dissociation of the oligomcric form of the enzyme to smaller units. PFK from the prazlimacteric fruit is more 
resistant to inhibition by citrate and salts than the enzyme from the post cIimactcrk fruit. 00 the other hand, the 
prcclimactcric cnxymc is stimulated by Pi and ADP whik the post climacteric enzyme is not. The significance of tbcsc 
effects in relation to the physiology of tomato ripcniog and senescence is discussed. 
--~- 

I?iiODUCTION 

In certain fruit, ripening is prcctdcd by a sudden upsurge 
in respiration termed the rcspiratioo climacteric. This 
increase in respiration is associated with the autocatalytic 
production of ethylene, marks the onset of fruit scncs- 
cena and generally precedes the visible changes in the 
colour. tlavour and texture associated with ripening [l]. 
Glycolysis has hcen found to be enhanced during the 
climacteric rise in a number of fruits such as bananas 
[2], avocados 133 and tomatoes [4]. The dazreasc in 
fructose bphosphatc concentration and increase in 
fructose 1.6-bisphosphatc during the climacteric has 
ban taken as indicating an increase in the activity of 
phosphofructokinasc (ATP:c&uctosA-phosphate-l- 
pbosphotransferasc. EC 2.7. I. 1 I, hcrcaftcr PFK) and the 
increase in glymlytic activity during the climacteric [24]. 
However, there is very little understamiiog of the way the 
activity of this enzyme is regulated [S, 61 and its rok in the 
ripeniog of fruits is unazrtain [2_ 7-91. 

10 our previous work, PFK from the tomato has been 
purified and its kinetic and regulatory properties were 

extensively studied [l&13]. The aim of the present work 
is to examine 0~ properties of PFK in relation to the 
changiog physiological state of the tomato fruit during 
ripening. 

RESULTS 

The relative activity of PFK and the protcio content of 
extracts prepared from fruit at the diITercnt stages of 
ripening were determined and the results are shown in 
Tabk 1. There is a progressive decline io both the protcio 
cootent and relative activity of PFK wbcthcr expressed 
per gram of fresh weight of per microgram of protein as 
ripcniog proaukd. 

!&a it has been shown earlier that PFK from to- 
matocq at the ‘breaka’ stage. exists in an oligomcric form 
(M, 180 Ooo) [lo], the nature of the enzyme during the 
various other stages of ripening was examined usiog gel 
permeation chromatography. Figure 1 (ad) shows the 
clutioo pattern of PFK from the various stages of ripening 
on the same Ultrogcl AcA 34 column and under identical 

Tabk I. Acunty of PFK at various stapr of tonuto npcning ( Tltrn&rd 
dtvirtiom of the Incall) 

sp. rtitity RAtio 
No. of Protdn muh/ ~=I 

SW investigations WC fr. W 98 pcoccin) totalPFK 
.- _ .._ _ - -- 

4 2260*24 0.085 * .a34 0 
Braka 4 1920 17 + 0.076 f .003 0 
OranP 3 1670 f 12 0.073 f .002 0.36 
Red 3 MaI* 13 0.073 f .004 0.52 
-_ - 
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Fig. 1. Elution of PFK on Ultrogcl Ad\ 34 for 0~ CIUYIW 
prepration from (a) green. (b) breaka, (cl orange md Ml red 

t0fNtOCS. 

conditions. The cnzymc elutcd as OM singk peak cor- 
responding to the oligomcric form of PFK for both the 
green and breaker stage. On the other hand, for the orange 
and red stage there were two peaks of PFK activity 
corresponding to the otigomcric and monomeric forms of 
PFK. 

Tabk 1 shows the ratio of the monomeric to total PFK 
in relation to the various stages of ripening. It is ckar 

that this ratio increases during the peri& following the 
climacteric ptalr in respiration and it continues to increase 
as the fruit scncscenas. 

Chunges in regulatory properties wirh ripening 

Studies on the kinetic and regulatory properties of PFK 
were carried out using dialyscd crude extracts prepared 
from the fruit at the various stages of ripening. These 
studies will be presented in corn-n with those 
conducted on both the oligomcrk and monomeric forms 
Of PFK separated on Ultrogcl columns. To obtain a 
mixed population of the monomeric and oligomcric forms 
of PFK, the purified oligomcric form was subjected to 
incubation at an ekvatcd pH to induce its dissociation and 
assayed immediately [IO]. Tabk 2 summarizs the effect 
of dilTercnt modulators on the activity of PFK extracted 
from the various stages of tomato ripening compared with 
their effect on the molecular forms of the enzyme. 

The results show that the stimulation of PFK activity 
by Pi decreases as the tomatoes ripen. Pi had a slight 
inhibitory effect on the monomeric form of the enzyme 
while it exhibited its maximum stimulation to the olig- 
omcric form. Consqucntly, the difference in Pi effect on 
PFK from the various stages of plant growth can be 
explained in terms of a change in the mokcular form of 
the enzyme. A similar result is observed for the effect of 
ADP on the emyme from the various stages of plant 
growth. Tabk 2 shows also that the monomeric form of 
tomato PFK is more sensitive to inhibition by citrate and 
ammomum sulphatc than the oligomeric form of the 
enzyme. The inhibition by either citrate or ammonium 
sulphatc increases as the tomatoes pass from the green to 
red stage and thus is consistent with the view that the 
oligorncric form of the enzyme dissociates as ripening 
proceeds. 

The effect of PEP on PFK activity was difficult to study 
in crude extracts since addition of PEP to the assay 
mixture gave rise to side reactions due to the praencc of 
interfering enzymes. However, the e&t of PEP on PFK 
activity was investigated on the purified oligomcric and 
monomeric forms of PFK individually [ 121. PEP is a very 
potent inhibitor of both forms of the enzyme with the 
concentration rquircd for half maximal inhibition qui- 
valent to 9-10 PM but the monomeric form of PFK was 
Inhibited more by PEP than the oligomcric form [ 121. It 
could be concluded here that PFK from the green and 
breaker stage is more resistant to PEP inhibition than the 
enzyme from the orange and red stages. 

The kinetics o/ PFK wirh respect to irs subsrrores 

The kinetic studies of PFK from the various stages of 
plant growth with respect to Mg’ * and ATP showed that 
the enzyme is inhibited by the fra trinuckotidcand Mg’ * 
was able to alkviatc this inhibition [ 111. Analysis of the 
kinetic data revcakd that these kinetics follow the 
Michaelis- Menten pattern. In extracts prepared at 
the various stages of ripening, there was very littk change 
in V_ and K, remained constant at 0.46 mM for ATP 
and0.84mM for Mg”[lI]. 

The kinetics of PFK were investigated for its other 
substrate F6P for extracts of tomatoes at various stages of 
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Tabk 2. Effti of drffercnt mod&Ion on tomato PFK activity 
- - --. -- .-- -._-- _ .-- 

4; Change in activity by 
-- -- - .- ..- .-- .- - _ 

25 mM ammonium 
Enzyme prcparauon IOmM PI 0.5 mM ADP 2 mM citrate sulphare 
-- --.--. ~-..- _______ 

Gran stage crude extract t 59 + 42 - 22.4 - 9.8 
Brraka slagc CNdC exIroc1 +512 + 39.4 - 23.2 - 12.9 
0ranpe sra@ crude CXIract t 40.6 + 33.6 - 38 - 29.8 
Red stage CN& exUac3 + 29.8 + 26 -43 - 33.4 
Punfkd oligomcfic form +60.2 + 43.2 - 21.8 - 12.3 
Purifial monomeric form - 6.25 0 - 51.5 - 40.5 
Mixed population form +21.4 + 27.8 - 39.6 - 32.1 

-- - -.-.. -- - -- __.__ - 

‘Tabk 3. The kmeuc propertIcs of PFK preparations wth rcapezt IO F6P 
-. - --- --._ -_- _-____ 

V&W 
(pkaW Hill ooe!Bcko~ s0 , 

Prepararloo Ire protan) (h) (mM) 
---. -.-- --.-- ,__-_ 

Green stage crude extract 0.2 0.7 6.5 
Breaker stage crude CXWSCI 0.19 0.7 6.3 
OrEUlpe xtagc crude CXlrXl 0.17 I.2 1.9 
Red slage CN& cxWa~1 0.17 1.25 23 
Pun&d olipmcric fotm 62.3 0.72 5.8 
Purified monomeric form 5.2 I 1.8 
MIxed population form 1.7 1.26 2.2 
-- -. -- _-_ _--_. ___._ _ _ _ 
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ripening and the kmctic constants arc summarized in 
Tabk 3. Figure 2(a) shows a double reciprocal plot of the 
km&s of PFK from the green stage of tomato growth 
which shows the negatively cooperative interaction cx- 
hibitcd with F6P for the oligomcric form of the enzyme 
(Hill cocfbcknt, h = 0.7) Figure 2(b) shows a double 
reciprocal plot of the kinetics of PFK from the orange 
stage of tomato growth which shows the positively 
cooperative interactions (h > I) with F6P which is cx- 
h&ted by the presence of a mixture of the monomeric and 
oligomeric forms of the enzyme. The monomeric form of 
the enzyme showed the simple Michaelis- Mentcn pattern 
of kinetics (h = I) [I I]. Changes in the kinetic properttcs 
wtth F6P for PFK preparations from various stages of 
tomato growth follow the changes associated with the 
dissociation of the oligomeric form of the enyzmc. There 
is a slight decrease in Y,, for PFK as rhc fruit enters the 
ripening stages. On the other hand, PFK from the 
prcclimacteric stage exhibits ncgattvc coopcrativity (h 
= 0.7) and low affrmty to F6P (substrate concentration 
giving half maximal rate. S,, , = 6.3-6.5 mM) while the 
enzyme from the post climacteric stage exhibits an 
apparent positive coopcrativity (h = 1.2) and higher af- 
finity to F6P (S, ) = I.g 2.2 mM). 

otsctsslos 

The VI oivo acttvity of an enzyme is determined by 
factors which affect either the number of active enzyme 
mokcuks present (coarse control) or the degree IO which 
the potential catalytv activity of these available enzyme 
mokcuks is expressed (fine control) [ 143. There was no 
sign&ant increase m the extractable activity of PFK 

Fig 2. A do&& reciprocal plot of the Liner- with F6P for 
PFK (a) from rhc green xtae. (b) from Ihe orange sup. 

during the various stages of ripening of tomato fruit and 
consequently, coarse control appears unlikely as a major 
factor regulating tomato PFK activity during the clitnac- 
tcric. which is in agreement with previous work on the 
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ripening of grapes [ 123 and bnaanaJ [2]. Ncvcrtbekss, 
the present work shows that there was a change in the 
mokcular form of tomato PFK with ripening. The 
presence of PFK isocnzymcs has been reported during 
the ripening of bananas [ 133 and tomatoes [ 143. On the 
other hand PFK from bananas was shown to remain in a 
single form but with d#ercnt regulatory properties 
during ripening 123. 

In addition to the changes in the molecular form of 
tomato PFK obsemd during ripenin& the possibility of 
regulation of PFK activity by fine control will be dis- 
cussed in relation to the available information on the 
concentrations of its substrates and modulators in the 
tomato fruit in oiw. 

ATP concentration in the tomatoes (50-65@4) dc- 
creases slightly at the climactenc stage and thtn rises until 
the red stage before it starts to decline again [4]. Mgz * 
concentrations in the tomato range from 0.6 to 2 mM 
[IS]. There is no evidence of the state in which ATP is 
present in viw, but the concentrations of Mg’ l in Cw are 
suf%cicnt to compkx all the ATP. Regardless of this, the 
small changes in ATP are unlikely to aazount for the 
changes in PFK activity in viw during theclimacteric. The 
average allular concentration of F6P was approximately 
56 PM at the mature green stage. It declined during the 
climacteric period to 4OrM and then changed little 143. 
Such vanations in F6Pconccntration arcagain unhkcly to 
have major effects on PFK activity. 

Inorganic phosphate is the most potent activator for 
plant PFK [6, 131. Pi concentration in tomatoes 
(2.2-3.5 mM) increases between the Immature gran and 
the breaker stage and then it remains constant throughout 
ripening [4]. For tomato PFK, Pi was shown to stimulate 
the activity of the oligomcr and it prornotai its dissoci- 
atton [ 131. Pi also relieved the inhibition of tomato PFK 
by PEP and citrate [ 133. 

PEP is the most potent known Inhibitor for plant PFK 
[S. Ill. The concentration of PEP in the tomatoes ranges 
from 13. U)pM being at its maximum in the immature 
gran stage and it declines progressively with ripening [S]. 
Such a concentration could be effective in inhibiting the 
activity of the enzyme in ciao since the PEPconcentration 
required to induce half maximal inhibition for the tomato 
enzyme was shown IO k 9 10 FM [ 1 l] and this IS wlthin 
the physiological range. However, the apparent negative 
cooperativity with regard to F6P offersa major advantage 
m prevcntmg the complete inhIbition of PFK by PEP 

1111. 
Plant PFK IS generally kss xnsltive IO inhibition by 

citrate than PFK from other sources [S. 6, 121. For 
tomato PFK. the citrate concentration required for half 
maximal inhibition was 1.78 mM and this compares with 
the concentration of citrate in tomatoes which ranges 
from IO-20 mM [ 161. In all cases. these concentrations 
arc expressed as averages for entire tissues and may no1 
rtflcct the concentrations of subslra~cs and modulators at 
the PFK active site. 

In conclusion, we would like to present a working 
hypothesis 10 explain the behaviour of PFK during the 
period of the climactcrlc in the tomato. This model 
envisages Pi and PEP king the major factors controlling 
PFK activity in LYLY) [ 131. Leakage of Pi from the vacuole 
due to changes in membrane permeability as the chac- 
teric is initiated [4. 173. leads IO an imcasc in [Pi ] m the 
all compartment housing PFK and stimulates the ac- 

tivity of the enzyme by relieving the inhibition by PEP 

mainly but also possibly by citrate and the constrruot 
imposed by the negative coopcrativity with the substrate, 
F6P is removed. At the mokcular kvel this effect involves 
dissociation of the oligomeric enzyme into subunits. In 
the later stages of ripening. it is envisaged that continuous 
leakage of citrate and Pi kads to the appearance of large 
quantities of the monomeric form. These monomen, 
which are more sensitive to inhibition by negative modu- 
lators and less sensitive to positive modulators than the 
oligomer [I23 may be inhibitai at the later stage of 
ripening and this may explain the daclinc in glycolytk 
rates following the climaaeric peak. Many of the points of 
this hypothesis remain to be tested aad the application of 
purely kinetic data is limited by the lack of knowledge of 
the situation in uiw. Littk is known about the locus and 
environment of PFK in t&w. of the fluxes and local 
concentrations of its substrates and modulators. 

CXPF.RIMCI*-TAL 

P&W morcrials. Torna~ocx (Lycopzrsicon rscu&nrvn varic~y 
Eurocrou BB) were grown m the IFR, Norwich bbontory 
granhouxc. All of tb work was dooc on fresh plant tiuue. The 
tomatoes were &cti by visual cobur using a grading ryxrcm of 
1 for mature gran IO~WXS. 2 for baker stage, 3 for l/3 cobur. 
4 for 2/3 cobur. S for pink. 6 for full red and 7 for overripe. In this 
vancty. tbc Qmrtaic peak is ractKd juxt beyond the breaker 
sup and respiration dcctina In the h~a stages of the ripening 

plo== 
Chemicals. Biochemiab were purchased from Boehringcr, 

Mannhcim and were of the best quality availa&. Ulrrogrl AcA 
34 was from LKB, Sweden. and the protan determination 
ragcntr were the product of Biorad. Tris and dithiocrythretol 
were from sigma and all orher chcmials were from B.D.H. 
Chemic& Ltd. 

PFK exnocrion and axsay. The cxtnaion medium conwlcd of 
0.2 M Tris-HCI. pH 7.5. containing 2 mM EDTA and 5 mM 
DTE. The ~onu~ocs were GUI and tbc oura wall of the pcriarp 
together wnlh the cpidcnnir were taken. To euh gram of mt 
tissue. 2 ml of the extractton medium and SO mp polyclar AT were 
addui. The mixture was then homogenixal, tilracd and oznti- 
fugcd at 35 Ooo g for 25 min. The rupcrrtanl rcptcscnls rhc 
crudcexrrac~ which waxdlrlyscdagainxt 5 mM TntHCl.pH 7.5. 
contaming 2 mM EDTA and 2 mM DTE. The PFK titity wax 
axsayed by coupling the production of fructou 1.6bixphoxphate 
with rhc oxidation of NADH through aldolaxc. ~riosephoxphate 
~xomcrasc and a-glyavolphorphate dchydrogenasc. The xtan- 
dard my contamcd the following in a I ml CUVCUC: 
0 16 ~1 NADH. 5 ~1 MgCl,. I pmd ATP (Na sally 2 pmol 
fructoxc bphosphare (Na SllQ 0 4 UNlJ of 1-glymdphoxpha1c 
dehydrogcnase. 2 units of tribphale ixomcraxc and 0.4 
unitx of l kloIasc. For analyus of rhe kinetic data. the Hill 
equation was uud in rhc form c - V_ [S]‘/K, + [S]‘whcre v 
- initd v&city; [S] - xubslralcconantrallon; K, - sub&ate 

comtratin giving half maximal rate; V,, - maximum 
wloaty and h = Hill a~~fhcirm. A computer program bread on 
an iteration poccdurc was used for estimating V_. h and S,, , 
(substrate coacmlfatbon giving hmlf maximal rare) in rclalion 10 

each other from a set of values of rcacuon rata and substrate 
co~yx(~trat~)nx. Dcta~ls of these proozdures were described 
elxcwhere [ 10. I I]. 

M, dneti The M, of the enzyme was dctanunal udng 
gel permeation chromatography on Ultrogd AcA 34. The 
dialyxcd crude auymc wax first concentrated by adding solid 
polycthyknc glycol 4WO up 10 a concentration of 65’. (wiv). 
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Following antrifugatin PI 35000 g for 25 min. the prtipUtc 

was ticn up in about 5 ml of 5OmM Tris-HCl, pH 7.5. 

containmp 2 mM(EDTA and 5 mM DTE (buffer A1 This pre- 7. 
paratio was then applied IO an Ultrogd AcA 34 c&ma (34 

Y 2.6 cm dhmcta)whrh was pe\iourly oquilibratad with buffer 8. 
A.nKenzymcarPrelutcdbythenmcbuffcr~f~luoTI ml 9. 

cash were collected and asuyal for PFK actitily. 10. 

Protein dererminafion. Proteins were dctammal by a dye 

binding-y [ 181 and thu method was cbcckai for 1t.s reliabilrty I I. 
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